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SYNOPSIS QF STUDY

This study generated and evaluated extensive data on the Quabbin
and Wachusett Reservoirs and the Connecticut and Millers Rivers systems,
with the objective of making predictions on the impacts of diverting
portions of these riverine systems into Quabbin Reservoir, New England
Research, Inc, was charged with overall responsibility for the study,
and was assisted by Alden Research Labcratories of Worcester Polytechnic
Institute, Clark University, Mason Research Institute, University of
Massachusetts, and Worcester Polytechnic Institute,

Field and laboratory data _included approximately 100 parameters,
including biological, chemical, physical, and pesticides data. In
raddition, radiological data, hydrodynamic studies, fisheries infrormation,
and pollution abatement plans were coﬁsidered and evaluated. Finally,
other pertinent data available from both public and private sources, es-
pecially on the Connecticut River, were evaluated in the light of the
objectives of this study,

Central to the evaluation was the development of a qualitative con-
ceptual model of reservoir dynamics., If water of lower quality is introduced \
from a donor system into a receiver system, there will most likely be a ‘

loss in water quality in the receiver system. This loss of water quality is

due to various materials in the water. These materials include molecules,

xiii



ions, suspended inorganic materials, organic debris, and living
organisms, The fates of these materials are varied and complex., and
include evaporation, transfer, transformation and deposition. These
possible pathways are not mutually exclusive; for example, a DDT mole-
cule could take all four pathways. What happens to the various materials
is a function of many mechanisms. One of the central problems of ecclogy
today is to trace the flow of materials from the various compartments of

an ecosystem. While our model cannot be viewed as a quantitative model,
it i8 nevertheless a useful gualitative model with which to begin making
predictions as to changes in water quality brought about by the proposed
diversions, as required by this study,

Dilution of riverine waters by ambient reservoir volume alone will
‘probably not be sufficient to insure an acceptable water quality in Quabbin
Reservoir, However, fallout of suspended materials and the "treatment
plant” capacity of Quabbin Reservoir are expected to result in an acceptable
water quality.

General predictions were made on the impacts of the proposed diversions
on Quabbin Reservoir. Potential impacts have both public health and general
environmental significance. The potential magnitude of a given impact upon
Quabbin Reservoir is generally higher with the proposed Connecticut River
diversion than with the proposed Millers (Tully) River system diversion. As
a convenience in making evaluations of the probable impacts of the proposed

diversions, the period 1972-2000 was divided into four phases., Phase I,

xiv



A no-diversion alternative was also considered in this study.
Assuming present projections on water supply and water demand, Quabbin
Reservoir will have exhausted its supply by 1985, However, before that
time, the general condition of the reservoir will have deteriorated to the
point where it will cease to be an acceptable public water supply. There-
fore, we view the no-diversion alternative as unrealistic, unless other
alternatives, outside the scope of the present study can solve the projected
water supply problem for Metropolitan Boston.

Related to no diversion are any delays in proposed diversions. We
view Phase I (1972-1976) as a particularly seﬁéitive period because of the
continued loss of water volume in Quabbin Reservoir, This loss in water
volume will increase the risks for negative impacts ffom the riverine diver-
sions. Therefore, delays in diversion for only a few years will probably

result in greater impacts on the reservoir,

xvi



{1972-1976) is the period before diversion of the Connecticut River,

The volume of Quabbin Reservoir will decline during this period, Phase
11 {1976-1980) represents the period from the beginning of the Connecticut
River diversion to the time when the Tully River diversion becomes opera-
tive, The reservoir volume will increase during this period. The period
1980-1989 (Phase III) represents a period when both diversions are opera-
tive, and the reservoir volume continues to increase. During the final
phase (Phase IV, 1989-2000) bofh diversions continue to be operative but
reservoir volume declines,

The greatest potential for both ecological and public health impacts
on Quabbin Reservoir is seen to exist with Phase II. Phase III will prob-
ably be associated with a general improvement in water quality. Because
_of declining reservoir volumes, Phases I and IV will show some deterioration
of water quality in the rgservoir.

Impacts on the proposed donor systems will vary in magnitude, No
significant impacts on the hydrology, water quality, or general ecology
of the Connecticut River are predicted, On thé other hand, some
changes in hydrology, water quality and general ecology can be expected
in the Millers River system, These chanages will result mainly from the re-
duction in water flow volume and the creation of impoundments., However,
some of the long term impacts will be reduced as the proposed state-federal

secondary treatment cleanup of the Millers River is implemented,

XV
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1. INTRODUCTION

The objectives of the research activities which are the basis of this report
are as follows:
to acquire and interpret information and data that will permit
judgments as to the probable long=- and short-range effects of
the proposed diversions of water from the Millers River and
certain of its tributaries, and from portions of the Connecticut
River into Quabbin Reservoir on (1} f:.he quality of public water
supplies to be stored in Quabbin and Wachusett Reservoirs,
and (2) the ecological relationships in the donor systems and
in the receiving reservoir systems,
The geographical relationships of these systems are shown in the frontispiece.
Data and information acquired and considered in the progress of this study
include that which was (1) provided to New England Research, Inc. by the two
sponsoring agencies: the U. 8., Army Corps of Engineers and the Metropolitan Dis-
trict Commission, (2) collected by New England Research from other agencies,
personal contacts, and published literature, and (3) generated by New England
Research and its subcontractors. Data and information included in the first two
categories above are referenced in Appendix 4. Data from the third category
include measurements of the following parameters:

{1) Physical Parameters

Temperature, dissolved oxygen, color, specific conductance, odor, pH, tur-

bidity.



{2) Biological Parameters

a. Phytoplankton {(numbers and types; 11 field categories of algal types)

b. Bacteria {numbers and types; 5 groups of bacteria}

c. Planktonic and benthic animals {numbers and types; 22 groups of ani-
mals)

(3) Chemical Parameters

a. Pesticides (concentrations of 13 individual pesticides or pesticide
classes)

b. Inorganic chemistries (concentrations of 38 individual chemical species)

The frequencies with which these parameters were measured and the locations
of sampling stations will be found in Section 3.

In addition to data generated in the above analyses, hydrodynamic data for
Quabbin Reservoir were generated by means of a scale model of Quabbin Reservoir
(25' long x 11' wide) which was constructed and tested by the Alden Research
Laboratories of Worcester Polytechnic Institute, Holden, Massachusetts,

The volume of raw data generated in this study is obvicusly large; it con-
sists of 32,000 information bits on over 2500 pages. It cannot be presented in
its totality in this report without subverting the purpose of this report; namely,
to present in asg clear and concise a manner as possible those judgments required
by the objectives of the study. This report therefore contains compilations and
reductions of raw data which are particularly useful to the discussion of scientific
issues which have to be dealt with under the study objectives. Compilations

and reductions of data contained in this report are based on data collected from



December 1970 through September 30, 1971, A supplementary report of data col-

lected from October I through November 30, 1971 (Fourth Quarter) has also been

compiled and appears in Appendix 6,

The scientific issues which are considered in this report as being essential

to the study objectives derive from a qualitative model of diversion which is

hased upon the following working assumptions:

iy

(2)

(3)

(4)

A reservoir such as Quabbin Reservoir may be viewed as a treatment plant
which operates at or close to a steady state so as to produce output water
which is of a higher quality than that of the average input water which sup-
plies the reservoir. There are dynamic seasonal changes which tend to
displace the steady state, but in terms of a vear or several years the reser-
voir ¢can be viewed as coming back to a dynamic equilibrium,

Inputs into a reservoir other than those already operative while the reservoir
is in a steady state will alter the dynamics of the system and, hence, will
influence any mechanisms underlying the "treatment plant" capability as dis-
cussed above,

Such new inputs into a reservoir, if they contain waters of significantly lower
quality than that of on-going inputs, will tend to put a heavier stress on the
treatment capacity of the reservoir for some indefinite period of time,

The concept of a "reserve treatment capacity" of the reservoir is central to
the question of how much of an additional stress the reservoir can tolerate
without a drastic change in water quality. Any assessment of short-term and
long-term effects, both public health e_md ecological, must focus on this

concept,



(3} The specific rate of change of treatment efficiency, its persistence and recov-
ery, and the efficiency of the eventually achieved new sieady state is a com-
plex function of the ecological relationships disrupted, modified, or introduced

by the additional inputs into the reservoir,

The generalized qualitative model is depicted in Figure 1. In this diagram
a single diversion period is shown, with representations of the consequent loss
in water quality (AQL) and recovery in water quality (AQR). An important point of
this model is that the "fallout" of whatever contributes to the incremental loss of
water guality (AQL) does not necessarily follow a -l,ogat_*ithmic decay, as with many
physical phenomena. Indeed the water quality recovery (AQR)} is governed by a
complex of faciors, and in some instances there could be a- further deterioration
after time T3 without an additional input.

A number of cases of this generalized model, as it can be applied to the
contemplated yearly diversions into Quabbin Reservoir, are posgsible. Three of

these cases are as follows:

Case I: AQL= aQR for all diversion cycles N
Case II: AQL = AQR at end of first diversion cycle

aQL = AQR for subsequent diversion cycles
CaseIII. AQL > AQR for all diversion cycles

These three cases of the generalized model are depicted in Pigure 2., Other cases
are developed in Section 8 of this report,
The essential qualitative nature of this model cannot be overemphasized. The

concept of water quality itself, for example, cannot be quantified without reference
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to either a specific parameter or to a specific group of parameters. Approximately
100 individual physical, biological and chemical parameters have heen studied in
the progress of this work. Moreover, the vast majority of comple_x ecological
relationships characteristic of lacustr;lne and riverine environments"a_are only gen-
erally understood if they are understood at all, As yet our measuring instruments
most often vield numerical representations of ecological systems which are more
precise than our understanding of them.

Neverthelegs it is possible today, in light of work already acéomplished by
the National Technical Advisory Committee on Water Quality Cn‘teria (PWPCA,
1968), as well as the growing body of research knowledge and information, to
begin to apply certain contemporary priorities of public health and environmental
guality significance to such a model as presented here. The President and the
Congress, moreover,. h.ave decided and directed that whatever knowledge we may
have shall be brought to bear on those governmental decision-making processes
which may result in significant impacts on the environmg:nt {National Environmental
Policy Act, 1969; Annual Reports of Council on Bnvironmental Quality, 1970, 1971),
To do or say nothing concerning the impact of human activity on the environment
until all possible knowledge has been gathered and fully digested we therefore
deem to be an act of extreme irresponsibility.

The public decision*rﬁaking process requires that the scientific community
share in this process; to demand a complete study is to subserve the public need

for decisions to the demands of the scientific community for absolute truth, It

is in this spirit of interplay between public needs and scientific objectivity that



we present our report,

This report is therefore an attempt to clarify the kinds of ecological and water
guality problems which we judge to be probable in the diversion of waters into
Quabbin Reservoir; to define the magnitudes of such problems in a manner consis-
ten: with both current scientific understanding and the spirit and requirements of
the National Environmental Policy Act of 1969; and to wiew guch problems in the
context of those situations most likely to be derived from various alternative act-

ions.



2, DESCRIPTION OF PROPOSED DIVERSIONS

A. Connecticut River

It is proposed to divert some Connecticut River water to Quabbin Reservoir
during freshet flow. The diversion is conditioned by a flow in the Connecticut
River of 17,000 cfs (cublc feet/second} or greater as measured at the U.S.G.S.
gauging station at Montague City, Massachusetts. |

The diversion (Figure 3) will be effected by pumping waters from the Con-
necticut River to the existing Northfield Mountain Pumped Storage Reservoir at
an elevation of 1004.5 feet at full pool.1 At Northfield Reservoir an intake
tower will be built to take water from near the bottom qf the dam {(elevation
923 feet) through fish-screened sluice gates into an 8-foot diameter pipe under
the dam, This watér will then be conveyed through a proposed 10-mile under-
ground tunnel to the vicinity of Rattlesnake Hill {elevation 838 feet), From the
outlet of the tunnel, water would enter the northern end of the central arm of
Quabbin Reservoir,

The rate of diversion would be 375 MGD (million gallons/day) with a

capacity of up to 500 MGD. An anticipated average 70-day diversion period,

v — T —t T e o — " ——

1

The Connecticut Light and Power Company, The Hartford Electric Light Company,
Western Massachusetts Electric Company, Drawing: Diversion Intake Works,
Quabbin Water Diversion Facility, Northfield Mountain Pumped Storage Project,
F.P.C. Project No. 2485.
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at a diversion rate of 375 MGD, would result in a total volume input into
Quabbin Reservoir of approximately 26 billion gallons., This volume would

account for roughly 1-2% of the Connecticut River flow volume during this period,

depending on higher or lower incident freshet flows respectively.

B. _Millers River System

The proposed diversion of water from tributaries of the Millers River to
Quabbin Reservoir would involve the construction of a series of impoundments -
and associated interconnecting tunnels (Figure 4).

Tarbell Brook would be dammed with a weir which would result in the
inundation of 28 a\cres.1 Water would be pumped through a 2-mile long pres-
sure conduit _withla 90 cfs capacity to Priegt Brook, Priest Brook would be
dammed, and 400 acres inundated., Water collected behind this dam would be
pumped through a 5-mile long pressure conduit with a 120 cfs capacity to the
u;?per end of Long Pond on the East Branch of Tully River, 3 miles above the
present Tully Dam, Lawrence Brook is a tributary of the East Branch of Tully
River. The confluence of Lawrence Brock and the East B‘ranch of Tully River
is in the flood pool of Tully Dam. The 9-mile long Tully-Quabbin tunnel is
progosed to begin at an infake structure to be constructed on the outlet chan-
nel below Tully Dam (elevation 625). This'tunnel would empty into the nor-
thern end of the central arm of Quabbin Reservoir., A weir impoundingld acres

of water, and a pumping station capable of injecting an additional 90 cfs of

! pata on impoundment areas and capacities added to drawing entitled: North-
eastern United States Water Supply Study, Tully Dam Diversion, Millers
River Basin, Massachusetis, New England Division, Corps of Engineers, .
U. S. Army. ‘ ' ‘
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water into the tunnel would be constructed at the intercept of the Tully-

Quabbin tunnel with the West Branch of Tully River.

Diversion of waters from any proposed diversion stream in the Millers

River system could be made whenever the control flows in the Connecticut

River and at individual sites listed below are met or exceeded. This would

normally occur during the spring runoff period. These values are shown

below:

Control Flowsl (cfs)

Tully River

Dec~-Mar Apr-jun Tul Aug Sep-Nov
Connecticut River | 17,000 17,000 17,000 | 17,000 17,000
Tarbell Brook 12.8 32 51.2 25.6 19.2
Priest Brook 9.7 24.3 38.8 19.4 14.6
Tully Dam 25.2 63.0 100.8 50.4 37.8
West Branch of 9.2 23.3 37.2 18.6 14.0

The volume of water diverted into Quabbin Reservolr from the Millers

River system during a typical year would be 17.5 billion gallons. This is

equivalent to a daily flow of 48 MGD for 365 days.

1 Tully Complex Control Flows, a data sheet from New England Division, Corps
of Engineers, recelved November 3, 1871.
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3. SAMPLING STATIONS AND FREQUENCIES

The locations of sampling stations are indicated on Figures 5, 6 and 7. Since
all parameters were not required to be sampled at the same frequency, a listing
follows of all sample collections made during the period December 22, 1970 through

September 30, 1971, The parameter codes used in that listing are:

Code Parameters Measured
A Physical Chemistries
B Pesticides and Phenols
C Zooplankton¥*
D Phytoplankton
E Benthic Organismsg¥*
F Bacteria
G Chemistries
R Radioactivity
X Carbon Chloroform Extract

*At reservoir sites where both a surface and a depth station are located, one com-
posite zooplankton sample is taken by a vertical tow of the Wisconsin net. This
gsample is indicated by a "C" at the surface station. Collection of benthic organ-

isms from bottom materials is indicated by an "E" at the suwrface station.
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SAMPLE COLIECTIONS - QUABBIN RESERVOIR

Depth Code: S-surface; 10 - 10 meters; tap - sink tap in powerhouse; 6.5 - 6.5 meters

STATION | 22 Dec 70 077Jan 7! | 20Jan 71| 257an7l | O1Feb 71 | 02 Feb 71 | 03 Feb 71 | 22 Feb 71 |24 Feb 71
Q-1-8 ADFG - - - - - ABDFGX - -
Q-1-10 - - - - - - ABDFGX - -
Q-2-8 ADFG - - - - - ABDFGX - -
Q-2-10 ADFG - - - - - ABDFGX - -
Q-3-Tap | ADFG - - BX - - ADFG - -
Q-4-8 ADFG - - BX ADFG - - - ACDEFG
Q-5-8 - ADFG - BX - ADFG - CE ADFG
Q-6-S - ADFG - BX - - ADFG - ACDFG

" Q-7-8 - - - ADFG - ABDFGX - - - ACDEFG
Q-7-6.5 - - ADFG ~ ABDFGX - - - ADFG
Q-8-8 _ - - - - ABDFGX - - -
Q-8-10 - - - - - ABDFGX - - -
Q-9-8 - - - BX - ADFG - ~ -
Q-9-10 - - - - - ABDFGX* - - -
Q-R-1 - - - - ABDFGX - - - -

STATION 25 Feb 71 25 Feb 71 24 Mar 71} 25 Mar 71 | 26 Mar 71 | 14 Apr 71 15 Apr 71 04 May 71 |05 May 71
Q-1-8 ACDEFG - - ACDEFG - - - ACDGX -
Q-1-10 ADFG - - 'ADFG - - - ADGX -
Q-2-8 - ACDEFG - - ADFG - ACDFG - -
Q~2-10 - ADFG - - ADFG - ADFG N -
Q-3-Tap - ACDFG - - ADFG - ACDFG - -
Q-4-8 - - ADFG - - ACDFG - - ACDGX
Q-5-5 - - ADFG - - ACDEFG ~ - -

" Q-6-8 - - - - ADFG ACDFG - - ACDGX
Q-7-8 - - - - ADFG - ACDFG - ACDGX
Q-7-6.5 - - - - ADFG - ADFG - ADGX
Q-8-5 ACDEFG - - ACDEFG - - - ACDGX -
Q-8-10 ADFG - - ADFG** - - - ADGX -
Q-9-8 ACDEFG - - ACDEFG - - - ACDGX -
Q-9-10 ADFG - - ADFG - - - ADGX -
Q-R-1 - ACDFG ADFG - - ACDFG - - ACDGX

* Sample taken at 3 meters depth.

o Sample taken at 8 meters depth.

_8‘[_



SAMPLE COLLECTIONS - QUABBIN RESERVOIR

*

STATION

06 May 71

183 May 71

19 May 71

20 May 71

0l Jun 71

02 Jun'71

03 Jun 71

16 Jun 71

Q-1-8
Q-1-10
Q-2-8
Q-2-10
Q-3-Tap

ABCDETG

} ABDFG

ACDFG
ADYG

0-4-8
Q-5-§
0-6-8

Q-7-8
Q-7-6.5

ABCDFG

ABCDFG

| ABCDEFG

ABDFG

Q-8-8
Q-8-10
Q-9-8
Q-9-10
O-R-1

ABCDFG

ACDFG
ADFG
ACFG
ADFG

STATION

17 Jun 71

30 Tun 71

T2 Tul 7T

Z0 Jul 71

ZT Tul 71

77 Tul 71

Q-1-S
Q-1-10
Q-2-8
Q-2-10
Q-3-Tap

ACDFG
ADFG
ACDFG

E

ACDFGR
ADFGR

| ACDFGR

ADFGR
ACDFGR

Q-4-8
Q-5-8
Q-6-8
Q-7-8
0-7-6.5

ACDEFG

ACDFGR

ACDFGR
ACDFGR
ADFGR

ACDFGR

Q-8-8
Q-8-10
Q-9-8
Q-9-10
Q-R-1

ACDFGR
ADFGR
ACDFGR
ADFGR

* 727 May

Q-2, E

_6'[_



SAMPLE COLLECTIONS - QUABBIN RESERVOIR

STATION 17 Aug 71| 18 Aug 71 |19 Aug 71 | 148ep 7) | 158ep 71| 16 Sep 71| 20 Sep 71 | 27 Sep 71
Q1-8 ABCDFGX - - ACDG - - E -
Q-1-10 ABDFGX - - ADG - - - -
Q-2-8 - - ABCDFGX - - | ACDFG - E
Q-2-10 - - ABDFGX - - ADFG - -
Q-3-Tap - - ABCDFGX - - ACDFG - -
Q-4-8 - ABCDFGX - - ACDFG - - -
Q-5-8 - - ABCDFGX - - ACDFG - E
Q-6-S - ABCDFGX - - ACDFG - - -
Q=-7-5 - ABCDFGX - - ACDFG - E -
Q-7-6.5 - ABDFGX - - ADFG - - -
Q-8-8 ABCDIGX - - ACDG - - - -
Q-8-10 ABDFGX - - ADG - - - -
Q-9-3 ABCDFGX - - ACDG - - - -
Q-9-10 ABDPGX - - ADG - - - -

Q-R-1

...Oz_



SAMPLE COLLECTIONS - WACHUSETT RESERVOIR

| STATICN 29 Dec 70 [20Jan 7! | 26 Jan 71 |27 Jan 71 {287Jan 71 | 29Jan 71 | 04 Feb 71 | 18 Feb 71 |01 Mar 71
W-1-8 ADFG - BX ADFG E - - C ACDFG
WwW-2-8 ADFG - - - - ABDFGX F CE ACDFG
w=2-10 ADFG - - - - ABDFGX F - ADFG
W-4-8 ADPG - BX ADFG - - - C ACDYG
W-5-3 - ADFG - ABDFGX - - - CE ACDFG
W-5-10 - ADFG* - ABDFGX - - - - ADFG
wW-3-8 ADFG - - - - - - - -
W-4-3 ADFG - = - - - - - -
STATION 29 Mar 71 116 Apr 71 | 29 Apr 71 |13 May 71{27 May 71] 10Jun 71 | 24 Jun 71 | 06 Jul 71 15 Tul 71
W-1-8 ACDFG ACDFG ADG ACDFGX ABCDFG ACDFG ACDFG - ACDFGR
w-2-8 - ACDFG ADG ACDETGX | ABCDFG ACDFG ACDPG E ACDFGR
W-2~10 = ADFG ADG ADFGX ABDYPG ADFG ADFG = ADYGR
W-4-3 ACDFG ACDFG EDG ACDFGX ABCDFG ACDFG ACDFPG - ACDFGR
W-5-3 ACDEFG ACDFG ADG ACDEFGX | ABCDFG ACDFG ACDFG E ACDFGR
w-5-10 ADFG ADFG ADG ADFGX ARDFG ADFG ADFG - ADFGR
STATION,_ | 12 Aug 71 | 07 Sep 71| 09 Sep 71
wW-1-8 ABCDPGX - ACDFG
Ww-2-8 ABCDFGX | E ACDFG
w-2-10 ABDFGX - ADFG
W-4-5 ABCDFGX - ACDYG
wW-5-5 ABCDFGX | E ACDFG
W=5-10 ABDFGX - ADFG

*Sample taken at 6.5 meters depth.

_Iz_



SAMPLE COLLECTIONS - RIVERINE STATIONS

STATION | 30 Dec 70| 06 Jan 71 | 197Jan 71 |26 Jan71 | 28Fan 71 |[29Jan 71 | 01 Feb 71 | 04 Feb 71 |10 Feb 71
R-1 ADFG - - BX - ADFG - - CE
R-2 - ADFG - BX ADFG - -~ E T -
R-3 - ADFG - BX ADFG - - E -
R-4 - ADFG - - - ADFG - - -
R-5 - ADFG - BX - ADFG - - -
R~6 - ADFG - - ADFG - - E -
R-7 - ADFG - BX ADFG - - E -
R-8 - ADFG - BX ADFG - - 3 -
R-9 ADFG - - - - ADFG - - CE
R-10 ADFG - - - - ADFG - - CE
R-11 ADFG - E - - - ADFG - - N
R-12 ADFG - E - - - ADFG - - ?
STATION | 16 Feb 71 | 26 Feb 71 | 02 Mar 71 | 03 Mar 71| 16 Mar 71 |19 Mar 71| 22 Mar 71 ] 23 Mar 71 |24 Mar 71
R-1 - - ADFG - - - ADFG - -
R-2 c - - ADFG CE - - ADFG -
R-3 o] - - ADFG CE - - ADFG -
R-4 CE - ADFG A - - ADFG - -
R-5 E - ADFG A - - ADFG - -
R-6 c - - ADFG - - - ADFG -
R-7 c - - ADFG - - - ADFG -
R-8 o] - - ADFG - - - ADFG -
R-9 - - ADFG - - - ADFG - -
R-10 - - ADFG - - - ADFG - -
R-11 - ADFG - - - C - - ADFG
R-12 - ADFG - - - C - - ADFG

_zz-



SAMPLE COLLECTIONS - RIVERINE STATIONS

STATION 31 Mar 71 [ 05 Apr 71 | 08 Apr 71 12 Apr 71 13 Apr 71 {14 Apr 7] | 21 Apr 71 | 22 Apr 71 |27 Apr 71
R-1 - - C ACDFG - - - X -
R-2 - - - - ACDFG - X - ADG
R-3 - - - - ACDFG - X - ADG
R-4 C E - ACDFG - - X - ADG
R-5 - CE - ACDFG - - X - -
R-6 CE - - - ACDFG - X - ADG
R-7 CE - - - ACDFG - X - ADG
R-8 o] - - - ACDIG - X - ADG
R-8 - c - ACDEFG - - - X -
R-10 - CE » - ACDFG - - - - X -
R-11 - - - - - ACDFG - X -
R-12 - - - = - ACDFG - X -
STATION 28 Apr 71 11 May 71} 12 May 71 |25 May 71| 26 May 71| 08 Jun 71 09 fun 71 22 Tun 71 23 Jun 71
5
R-1 ADG - ACDFG - ABCDFG - ACDFG - ACDFG
R-2 - ACDG - ABCDFG - ACDFG - ACDFG -
R-3 - ACDG - ABCDFG - ACDFG - ACDFG -
R—-4 - ACDG - ACDFPG - ACDFG - ACDTG -
R-5 ADG - ACDFPG - ABCDTG - ACDYG - ACDFG
R-6 - ACDG - ACDFG - ACDFG - ACDFG -
R~7 - ACDG - ABCDFG - ACDrG - ACDFG -
R-8 - ACDG - ABCDFG - ACDFG - ACDIG -
R-9 ADG - ACDFG - ACDFG - ACDFG - ACDFG
R-10 - ADG - ACDFG - ACDFG - ACDFG - ACDFG
R-11 ADG - ACDFG - ACDFG - ACDFG - ACDFG
R-12 ADG - ACDFYG - ACDFG - ACDFG - ACDFG

_8 z_



SAMPLE COLLECTIONS - RIVERINE STATIONS

STATION 08 Jul 71 13 Tul 71 14 qul 71 15 Jul 71 26 Jul 71 02 Aug 71 |04 Aug 71 10 Auwg 71 |11 Aug 71
R-1 E - ACDFG R - - - - ABCDFGX
R-2 - ACDFG - R E - - ABCDFGX -

R-3 - ACDFG - R E - - ABRCDPGX -

R-4 - ACDFG - R - - E ACDFGX -

R-5 - - ACDFG R - - E - ABCDFGX
R~6 - ACDFG - R - E - ACDFGX -

R-7 - ACDFG - R - E - ABCDFGX -

R-8 - ACDFG = R - - - ABCDEFGX -

R-9 - - ACDFG R - - E - ACDFGX
R-10 - - ACDFG R - - - - ACDFGX
R-11 - - ACDFG R - - - - ACDFGX
R-12 - - ACDFG R - = = = -l ACDPGX

STATION 16 Aug 71it 30 Aug 71 | 07 Sep 71! 08 Sep 71
R-1 - - - ACDFG
R-2 - - ACDFG -

R-3 - - "ACDFG -
R-4 E - ACDFG

R-5 - - - ACDFG
R-6 - - ACDTG

R-7 - - ACDFG

R-8 - - ACDFG -
R-9 - - - ACDFG
R-10 E - - ACDFG
R-11 - E - ACDFG
R~12 - E - ACDFG

*23 Mug R-1l, E g

—ﬁz_
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4,  METHODOLOGY -

Analytical methods for the various parameters were in keeping with the methods

recommended in the United States Public Health Service, Drinking Water Standards

(USPHS, 1962).

Many of the parameters are not covered in Drinking Water Standards (DWS) nor

in Standard Methods for the Examination of Water and Wastewater (Standard Methods;

APHA, 1971) recommended for analytical methods in DWS. In other instances only

tentative procedures are suggested (e.g. chlorinated hydrocarbon pesticides). Fin-

ally, some of the sampling and analytical methods recommended in Standard Methods

for macroinvertebrates had little relevance to some of the bottom substrates we en-
countered in some riverine stations.

Procedures followed in this study, then, were in keeping with Standard Methods

and DWS. Changes were adopted to fit particular circumstances, usually after con-
sultation with the MDC and the Corps of Engineers. Attempts were made to use
the best methods available in the state-of-the-art, consistent with reasonable costs.
Details in methodology are discussed in appropriate sections in the rest of this

report and more extensively in Appendix 1.
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5. RESULTS OF WATER QUALITY TESTS

Biological Data

(1) Bacteria

Bacterial data collected from Quabbin Reservoir are subdivided, in
this report, into two groups: data collected from "inside™ stations (Q-4,__
Q-5, ©-7, Q-9, Q-R-1}, and data collected from"'outside" stations (Q-1,
Q-2, Q-3, Q-6, Q-8) (Figure 5). Batterial pepulations observed in
waters collected from "outside" stations were often one-~half the bacterial
populations observed in waters collected from "inside*™ stations. Bacter-
ial concentrations observed in Wachusett Reservoir waters (Figure 6)
were generally intermediate to those observed in Quabbin “"inside" and
"outside" waters,

The range of bacterial numbers observed at any one time in the var-
ious riverine waters was extremely variable, as can be seen in Figure 8;
and subdivisions of riverine data, based upon ranges of numbers of bac~
teria typically detected in individual riverine systems (Figure 7 ) are as
follows:

(a) data collected from the Millers and Connecticut River stations (R-1,

R-4, R-5, R-3, R-10)

(b) data collected from the Millers River tributaries (R-2, R-3, R~6, R-7,

R-8) and the Ware River (R-11, R-12).
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Bacterial concentrations in the Millers River tributaries and Ware
River were generally comparable with concentrations observed in reservoir
waters, while those in the Millers and Connecticut Rivers were signifi-
cantly higher { Table 1).

The Connecticut River and Millers River system showed few changes
in numbers of hetrotrophic bacteria over the first two quarters of the year
and a general decrease in the third quarter, with the exception of the Millers
River at South Royalston (R-4) (Figure 9). Most of the tributary rivers,
however, showed a significant rise in average numbers of heterotrophic
bacteria from the first to the second quarter, and a comparable drop in
numbers in the third quarter, Most Quabbin "inside" and_"outside " sta-
tions demonstrated a general increase in heterotrophic bacteria populations
throughout the three quarters, the major increase in the '.'ou‘tside" stations
occurring between the first and second quarters. A general increase in
heterotrophic populations was observed in Wachusett Reservoir between
the first and second quarters. No overall pattern of increase or decrease,
however, wag noted in Wachusett Reservoir between the second and third
quarters.

Abrupt increases in numbers of total coliform bacteria were noted in
almost all systems in the second quarter, Abrup.!t decreases in these
numbers occwrred between the second and third quarters {Table 2 and Fig-
ure 10).

There was little significant change in numbers of fecal coliform
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Modal Log Values of Bacterial Numbers

per 100 mi for Major Station Groupings, 1971

Total Heterotrophic Bacterig| Total Coliform Bacteria Fecal Coliform Bacterla
Modal First | Second | Third First | Second | Third First | Second | Third
Log Value|| Quarter| Quarter | Quarter {Quarter | Quarter| Quarter || Quarter | Quarter | Quarter
6.5 MC MC
6.0
5.5 MC
5.0
4,5 QL Qi
T T T
4.0
3.5 (031 Qo Qo MC MC MC MC
w w T
3.0
2.9 Qo T MC MC*
W
2.0
\?
1.5 . T
1.0
Qi QA Qa Qi QA Qt
Qo Qo Q@ | Q Q Qo
<1.0 W W w T w W
T T
*Bimodal distribution v
o ‘ Legend
Qi: Quabbin “inside" MC: Millers and Connecticut
Qo: Quabbin "outside" Rivers

We Wachusett

T:

Millers Tributarie

‘Ware River

s ‘and




=30~

Table 2. Logarithm of Bacterial Numbers Per 100 mi,
Heterotrophic Total Coliform Fecal Coliform
Bacteria Bacteria . Bacterta
Quarter 1 2 3 1 2 3 1 2 3
No. of
Readings 27 36 18 28 36 20 29 36 20
a o
"I Average 3.4 4.0 4.4 =0 0.2 0.3 =0 <=0 <0
Q w
g
838 | Mode 2.5 | 3.5 | 3.5 || <1 | <1 | <1 <1 | <1 | <l
Range 1.5 2.7 3.2 * * * * * *
4.7 4.8 5.4 1.0 1.3 1.0 0.3 0.0 0.7
No. of
Readings 24 30 16 24 ‘30 16 24 28 16
g e Average 4.4 4.3 5.0 0.8 | 1.2 0.3 0.4 <0 0.2
83
Q.5
oz Mode 3.5 4,5 4,5 <} <l <] <] <] <]
o
Range 1.9 3.0 3.9 * * * * * *
5.4 5.0 5.9 1.9 2.0° 1,0 1.7 1.0 1.0
No. of .
Readings 19 29 i8 21 30 18 21 30 18
% Average 4,1 4.2 3.9 0.1 1.3 0.9 <0 0.6 <)
0
% Mode 2.5 | 3.5 | 3,5 <1 <l <1 <1 <1l | =<1
L
2 Range 2.4 2.8 3.3 * * * * * *
5.2 5.0 4.4 1,0 2.4 1.7 0.6 1.5 | Q.6
" No. of
_g Readings 28 30 21 28 30 21 28 30 21
[ta] -
g 8| Average 4,7 | 5.2 | 4.8 || 3.1 | 2,9 | 2.2 {| 0.9 | 1.7 | 1.7
Eg”
L@ % Mode 4.5 4,5 4.5 1.5 3.5 2.5 0.5 <] <1
Bt
O .
§ = Range 4.0 4.3 4,3 * * * * * *
2 5.6 5.9 5.2 2.0 3.6 2.6 1.7 2.5 2.4

* No Bacteria Detected (hence no log entry for lower limit)
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bacteria in the resgervoirs throughout the three quarters. About half of
the tributary rivers (Millers River and the Ware River) showed an increase
in fecal coliform numbers in the second quarter., In some instances this
population increase persisted through the third guarter. The Millers and
Connecticut Rivers showed a general decrease in fecal coliform numbers
in both the second and the third quarters, with the exception of the Mii-
lers River at Sc}uéh Rdylealston (R-4) {Figure 11).

Patterns Qf“overall similarity between the individual systems examined
over two quarters can"be depicted by means of the total coliform data
plotted in Pigﬁre 12, _I'n general, bacterial populations of the Millers and
Connecticut Rivers were compafabie, and were distinguished from the bac-
terial populations observed in other systems by their being up to several
- orders of ma'g;nitude greater than;those observed in other systems. The
tributaries to the Millers River typic;ally showed bacterial populations in-
termediate between‘the reservoirs and the Ware River,

The highest numbers of bacteria were usually found in the South Roy~
alston.area of the Millers River (R~4). The rbacterial populations tended
to decrease between South Royalston and Athol (R-5), and then either re-
mained constant or increased downstream io Orange (R-9) and Farley {R-10)
{Figure 13). |

Chromogenié (pigment-producing) bacterla were less than 20% of the

total heterotrophic populations of all the riverine and most of the reservoir
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stations during the first quarter (Figure 14}, Although individual stations
within each éystem did not show identical patterns of chromogenic popula-
tions, the reservoir systems tended to have significantly higher proportions

of chromogenic to total heterotrophic bacteria than the riverine systems. Two
explanations should be considered. First, chromogenic heterotrophs are con-
sidered by some investigators to be true aguatic bacteria adapted to lacustrine
environments which have a low nutrient concentration. Second, the riverine
systems have higher coliform bacteria (Non-chromogenic) populations than the
reservoirs; these higher counts tend to reduce the chromogen: total heterotroph
ratios. Chrdmogen populations increased dramatically in the reservoirs in the
second quarter, reaching up to and over 50% of the heterotrophic bacterial
populations in June-July. A typical example of this increase in chromogenic

populations is depicted in Figure 15,

(2) Phytoplankton

Reservoir and riverine syster.ns generally showed different frquuencies
and concentrations of specific algal groups (Table 3), These differences
were greatest during the first quarter when reservoir waters showed rela~
tively higher frequencies of occurrence of coccoid green algae, desmids,
other green algae, pennate diatoms, centric diatoms, dinoflagellates, and
golden-brown flagellates. Riverine waters showed only pennate diatoms
frequently occurring during the first quarter (Figure 16). During the sec-
ond quarter, the riverine and reservoir systems had more similar phyto-
planktonic populations, However, while reservoir systems showed little

change in the frequency of occurrence of algal groups between the first
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Table 3. Modal Values of Algal Populations

Algal Groups FG FilG cG Des Other FilBG CBG PenD CenD Dino GBF
L Quarter 14 21 3111 2] 37 172 |371}l2}i3{1}2{3{1]2{3)1j2i3j1t2t3l1lzalsa]lil2 311 21 3
Range of
Number/liter
4 5% (2 5 1241 1
> 5000 5 3 213}5 2
5 3 3
111[1]1 1 41112 34 3% 3
1000~ 2 2 51213
5000 3 3 314
5
500- 3
1000
100- 3 1*
500 3 (3%
<100 All systems not indicated in above columns
1 4 ! i1 1 1 | 1 J | | I 1 | | }

* A bimodal distribution was observed in this system.
The second modal value is <100, unless shown.

Location Codes Code for Algal Groups
1 = Quabbin "Qutside" FG = Flagellated Greens CBG = Coccoid Blue-greens
2 = (Quabbin "Inside" FilG = Filamentous Greens PenD = Pennate Diatoms
3 = Wachusett Reservoir CG = (Coccoid Greens CenD = Centric Diatoms
4 = Millers River Tributaries Des = Desmids Dinc = Dinoflagellates
S = Millers and Connecticut Rivers Other = Other Greens GBF = Golden Brown
FilBG = TFilamentous Flagellates

Blue-greens

_Ub.—
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and second quarters, riverine systems showed an increased occurrence of
coccolid green algae, desmids, and other green algae (Figure 17}, The
Millers and Connecticut River system, in particular showed the development
of a moderate abundance of flagellated and filamentous green algae. Most
systems showed an increased frequency of occurrence of most groups of
algae during the third quarter (Figure 18). The only major drops in frequency
of occurrence during the third quarter were in centric diatoms in Wachusett
Reservoir and the Millers and Connecticut River systems, and in dinoflagel-
lates in Wachusett Reservoir,

Modal values of algal numbers for each quarter for the various algal
groups are compared in Table 3. Filamentous green and filamentous blue-
green algae rarely occurred in any system. Flagellated green, other green
and coccoid blue-green algae showed few numbers during the first and
second quarters, but higher values were common for some systems during
the third quarter, Most riverine and reservoir systems showed high third-
quarter values for other green algae. Only reservoir systems had high third-
quarter values for coccoid blue-green populations., Pennate diatoms commonly
occurred in high numbers in most all systems during all three guarters,
Centric diatoms were commonly absent in riverine systems, but commonly
occurred at low levels, and even increased, over the three quar;ters in
reservoir systems, Dinoflagellates and golden-brown flagellates rarely
occurred in riverine systems, Dinoflagellates and golden-brown flagellates
occurred in reservoir waters, but at low levels, Coccoid green algae showed

an increased frequency of occurrence of high numbers from first to third
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quarters in most systems. Desmids occurred more often in reservoir than
in riverine systems. In general the modal values for the populations of all
algal groups except flagellated green algae were the same or higher in the
reservoir systems than in the riverine systems,

Numbers of desmids, centric diatoms, and coccoeid blue-green algae
show major differences between the reservoir and riverine systems., Popu-
lations of each of these algal groups were typically higher in reservoir than
in riverine waters. This was particularly true of coccoid blue-green popu-
lations in the third quarter,

(3) Zooplankton

Although a variety of kinds of animals were observed in water samples
collected for zooplanktonic analysis, the zooplankton of both the reservoirs
and rivers belong to two major groups, the Class Crustacea (Phylum Arthro-~
poeda) and the Phylum Rotifera. Organisms which are not classified in
either of these two groups, but w.hich were observed in water samples spe-
cifically collected for zooplanktonic analysis are designated in this report
as either Protozoa™ or benthic organisms.

Benthic animals are often observed in riverine surface waters collected
for zooplanktonic analysis., Of all the rivers examined, the Millers River

showed the largest numbers of benthic organisms and Protozoa.

*Protozoans technically may be either benthic or planktonic, However,
the methodology employed in the enumeration of crustaceans and rotifers
does not yield an adequate representation of actual protozoan populations,
and this group is therefore handled in this report as a separate group.
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In general, water samples from Wachusett and Quabbin Reservoirs
contained comparable concentrations of crustaceans and rotifers (Figure 19}.
Water samples from most of the riverine systems also contained similar
concentrations of crustaceans and rotifers. Exceptions were (1) Connecti-
cut River, in which rotifers tended to predominate over crustaceans, and
(2) the East Branch of the Tully River (R-7), and the Millers River at
Orange (R-9) in which crustaceans predominated over rotifers (Figure 20
and Table 4 ),

A plot (Figure 21 ) of the average concentration of rotifers versus
crustaceans (Table 5 ) shows the concentrations of these organisms in
the reservoirs to be directly correlated, and reveals three kinds of quan-
titative differences among the reservoir stations. First, all the Wachusett
stations are at the lower end of the plot. Second, there is an apparent
trend among the Quabbin stations of high to low zooplankton concentrations
as one moves from stations near the inputs to the reservoir to stations lo-
cated near outputs from the reservoir {the only exception igs Q-4 at Potta-
paug Pond}. Third, all 6 depth stations (see note on Figure2l ) occupy
the middle portion of the plot.

This third observation, however, in contrast to the other two, may be
an artifact of the sampling patterns and procedures employed and may there-
fore be of only methodological significance. For example, the depth sta-
tions are ones in which the plankton concentration was averaged over the

top 10 meters. The plankton concentrations at Q-5, which is a relatively
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Table 4. Riverine Zooplankton
{March through September, 1971)

Ware

Connecticut

Millers

River

River

River

N £ Average No, MI\?ximt;m Average No. Ml?ﬁml;m
Station S °. 10 Crustaceans o 2' °© Rotifers ;f ©
amples per Liter rustaceans per Liter Rotifers
per Liter per Liter
R—-11 9 0.3 1 1 6
R-12 9 2 10 2 7
R-1 9 12 4] 93 491
R-4 7 1 4 6 26
R-5 9 2 6 5 - 27
R-9 9 17 119 10 30
R=-10 9 3 10 4 i5
R-2 9 1 3 2 13
R-3 9 0.4 1 2 16
R-6 9 0.6 5 0.6 3
R-7 9 23 116 15 89
R-8 9 4 18 1 . B




Average Number of Crustaceans per Liter
(February through September, 1971)

70 p—
60 p—
50 |je==

40 |—

-50-

Figure 21, Reservoir Zooplankton
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Reservoir Zooplankton

(February through September, 1971)

"inside"

"outside" stations

Average No, Rﬁﬁg? gi ‘Average No. Rﬁzg? ;)ff

Station S‘];i ?r;plc;fs C;thfii:?ns Crustaqeans pi?t;fii:; Rotife?rs

per Liter per Liter
W-1 10 19 1-92 22 1-142
W-2 9 27 3-64 23 3-47
W-5 10 35 6-137 31 4-80
W-4 10 17 1-36 24 2-146
Q-4 10 16 1-45 31 1-183
Q-7 10 47 7-143 70 1-126
Q-9 10 38 12-61 54 10-192
Q-5 10 74 1-259 65 1-281
Q-2 10 44 14-129 37 13-83
Q-8 10 35 16-71 33 8-58
Q-1 10 27 10-64 33 15-84
Q-6 10 26 1-160 14 0-49
Q-3 10 10 1-21 21 1-48
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shallow station, were averaged over the top 1 meter, Because of similar
considerations of depth, the plankton concentrations at Q-7 were averaged
over the top 5-6 meters. Also, the 5 stations at the low end of the
scatter diagram represent running outlets (Q-3, W-4) or surface samples
taken from shore {Q-4, Q-6, W-1). Two of the latter have shallow bot-
toms (Q-~4, Q~6) and two have moderate currents (Q-4, W-1). The outlet
stations in Quabbin and Wachusett Reservoirs are different in two respects.
The Chicopee outlet (Q-3) at Winsor Dam draws deep water from below the
thermocline while the outlet at Wachusett (W-4) draws water close to the
surface. The sampling technique employed at these stations also differed.
Water was drawn by tap at Q-3, but hauled up by bucket from the surface
of the intake at W-4., In addition, zooplankton fragments in the samples
from Q-3 gave evidence of destruction of some plankters from turbulence
in the plumbing system.

The composition of the zooplankton was the same throughout the reser-
voirs, but some differences in the relative abundance of zooplanktonic
types were observed from station to station and over time (Figure 22 and
Table 6 ). All stations show a dramatic expansion of the Order Cladocera
in early June, but cladocerans formed a much larger proportion of the crus~
tacean zooplankton in Wachusett than in Quabbin (57%_ and 37% respectively
for June through September; see Figures 22 and 23},

Some notion of the relative abundance of the various genera of zoo-

plankton can be gained by comparing their frequency of occurrence in the



Average Number per Liter

FigurE: 22,

Wachusett Reservoir

=53~

Seasonal Variations in Composition

of Reservoir Zooplankton

100
Rotifera
'_._Cl_ad'bc'eyq. :
0 77777 /', Copepoda 77777
Quabbin Reservoir
"Qutside" Stations
100
Rotifera
TR
e Saeae t.f o, et e e
0 777 Copepoda 4 VAV 7
Quabbin Reservoir
"Inside" Stations
100 }— Rotifera
Cl édoéefq E
VT4 ERTNATTIRE
—r——y " Copepodad ////
0 /S Yy /]
February-May June

1971

July-September



Wachusett

Quabbin Reservoir

Quabbin Reservoir

"outside"”

Reservoir

stations

"ingide"

stations

-54=-

Table 6.

Reservoir Crustaceang
{(February through September, 1971)

Average Number Per Liter
Adult Larval
- Station Cladocera Copepoda Copepoda
Ww-1 13 4 3
Ww=-2 15 6 5
W-5 17 14 5
W-4 5 5 7
Q-4 4 4 8
Q-7 26 11 11
Q-9 il 15 13
Q-5 20 28 25
Q-2 17 14 13
Q-8 12 15 9
Q-1 8 9 8
Q-6 2 4 20
Q-3 2 4 5
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samples (Table 7). The only genus which can be readily used to differ-
entiate groups of reservoir stations from each other was the colonial rotifer

Conochilus. Conochilus was present in 69% of the Quabbin "inside" sta-

tion samplés, and 58% and 53% of the Quabbin "outside” and Wachusett
stations,respectively. Conochilus was not only present but was also noted
as the predominant rotifer in 43% of the Quabbin "inside" station samples,
but in only 17% of the samples from all other reservoir stations. Conochi-
lus did not make its appearance in the reservoirs until May, and its pre-
dominance within the rotifer population was assoclated with all but one of
the subsequent rotifer peaks shown in Figure 19. In Wachusett Reservoir
Conochilus was predominant in 7 of the 8 samples taken in the June and
August peak periods, and was not predominant in any of the 16 samples
taken during non-peak periods. In Quabbin Reservoir Conochilus was pre-
dominant in 12 of the 22 samples taken in the peak periods, and in only

7 of the 30 samples taken during non-peak périods.

Rotifers and crustaceans which were commonly found in the reservoirs
were alsc found in the rivers (Table 7 ), but there was a greater variety
of rotifers in the rivers than in the reservoirs. Many riverine rotifers
lacked the skeletons characteristic of reservoir rotifer:s, and were observed
to be actively climbing on debris.

The frequencies of occurrence of riverine zooplankton were less than
those of reservoir zooplankton, and the average concentration of zobplank-

ton at most of the riverine stations was about one order of magnitude less
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Table 7. Relative Composition of Reservoir
and Riverine Zooplankton Samples

Note from the numbers of samples in the reservoirs (column 3) that subcategories
of Rotifera, Copepoda and Cladocera were not identified for all samples.

% of Reservoir Total % of Riverine Total
Type of Organism Samples in Reservoir Samples in Riverine
which present Samples which present Samples
ROTIFERA 99 129 67 106
Keratella 84 116 33 106
Kellicottia 80 116 8 106
Polyarthra 75 116 13 106
Conochilus 59 116 14 106
Gastropus 26 116 12 106
Lepadella 5 116 2 106
Moenostyla 4 116 5 106
Asplanchna 3 116 0 106
Filinia 3 116 1 106
Unidentified 52 116 46 106
CRUSTACEA 100 129 63 106
Copepoda 100 129 52 106
Calanoid 82 109 5 106
Cyclopoid 83 109 19 106
Harpacticoid 2 109 0 106
Larvae 98 129 42 106
Ostracoda 0 1 129 5 106
Cladocera 87 129 34 106
Bosmina 73 113 25 106
Holopedium 67 113 4 106
Daphnia 60 113 7 106
Polyphemus 7 113 3 106
Leptodora 5 113 0 106
Scapholeberis 0 113 5 106
Chydoridae 4 113 5 106
PROTOZOA 9 129 32 106
BENTHICS - 19 129 51 106
Turbellaria 7 129 _ 7 106
Chironomidae 4 129 33 106
Acari 3 129 9 106
Oligochaeta 3 129 11 106
Nematoda 2 129 17 106
Miscellany 5 129 7 106
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than that of reservoir stations (Tables 4, 5 and Figure 24). Exceptions
were those concentrations observed at R~1 (Connecticut River), R-7 (East
Branch of Tully River), ‘and R-9 {Millers River at Orange).

Zooplankton populations did not develop in rivers until late May or
June (Figure 20). Rotifer concentrations peaked in most rivers in late
June, with the exception of Tarbell Brook (R-2) and possibly the Ware
River (R-11, R-12) where concentrations remained toQ low to show a dis-
cernible pattern. The high June peak in rotifer concentration in the Con-
necticut River (Figure 20) was associated with 8 genera. No one type was
predominant. However, in August only two rotifers were present in the
Connecticut River, Polyarthra and Keratella,

In general, the riverine stations examined fall into 3 basic groups
_with respect to overall plankton concentrations:

(a) high concentrations of plankton, with rotifers predominating (Connecti-
cut River}
(b) intermediate concentrations of plankton, with crustaceans predominating

(East Branch of Tully River and Millers River at Orange}

(¢} low concentrations of plankton with equal concentrations of rotifers and
crustaceans (all other stations)

Within the third group, the Millers River stations are distinguished from all

other stations (Ware River and tributaries to the Millers River) by relatively

higher numbers of planktonic animals as well as benthic animals observed

. in surface waters.
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. Riverine and Reservoir Zooplankton
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{4) Benthic Organisms

At the beginning of the project, benthic samples were collected
monthly at each station. Beginning in May, benthic organisms were col-
lected along transects in the reservoirs, and by multiple samples in the
rivers on a quarterly schedule. Basic differences between the transects
made in reservoirs are summarized in Table 8 . These differences in
depth, plant communities, and nature of bottom muds are assoclated with
differences in the kinds of populations and distributions of benthic organ-
isms observed in these aquatic systems. Two major types of distributions
were detected (Table 9 ). One type included animals generally distributed
in muds throughout the reservoirs, These animals were present in higher
concentrations in Wachusett Reservoir, A second type included animals
largely restricted to littoral areas, or associated with the presence of
aquatic plants. These animals were present in higher concentrations along
the Q-5 transect in Quabbin Reservoir.

Localized concentrations of individual groups of benthic organisms,
however, were not observed to be directly correlated with their general
type of distribution, The Pelecypoda, for example, were present in higher
concentrations along the Q-5 transect than at any cther transect, even
though they were generally distributed throughout the reservoir,

The highest average concentration of Chironomidae (from February
through September inclusive) was observed in the northeast area of Wachu-

sett Reservoir (W-5), and the lowest in the area of Shaft 12 in Quabbin
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Comparison of Various Conditions Associated

‘With Bottom Samples of Reservoirs

Station in
Immediate Area
of Transect

Average Depth
of Sampling Points

on Transect

Plants Present

Nature of Bottom Mud

W-2
W-5

Q-1

19

15

18

16

11

11

meters

meters

meters

meters

meters

meters

meters
meters

No
No
Yes
samples)
Yes
samples)
Yes
{in all 17

samples)

No

No

(in 6 of 20

{in 2 of 16

\

./

Very fine mud composed
of well decomposed
organic material

Generally large amounts
of only partly decom-
posed organic material
{(leaves, twigs, bark,
etc.).

Least amount of such
debris consistently
noted in area of station

Q-2

#Note; These stations were sampled individually in the first quarter, and
were not included as points on a transect in subsequent sampling
periods.
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Table 9. General Distributions of Benthic Organisms
in Quabbin and Wachusett Regervoirs

Percent of Average No.
Type of Distribution Animals Present Samples in - per Grab
‘Which Pound Sample *
I. Animals generally Chironomidae 98 17.1
distributed among
all stations Oligochaeta 77 5.8
Pelecypoda 42 1.7
Isopoda 30 0.9
Acari 35 0.8
Turbellaria 23 0.8
II. Animals associated|| Amphipoda 27 2.3
with weeds and/or
littoral areas of Gastropoda 15 1.1
reservoirs
Heleidae 16 0.4
Cladocera & Copepoda 9 0.3
QOdonata, Ephemeroptera,
and Trichoptera Larvae 16 0.2

*1/4 £t
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Reservoir (Q-1} (Table 10). The highest average concentration of Oligo-
chaeta was also observed along the W-5 transect, and the lowest in the
western arm of Quabbin Reservoir (Q-2),

There were seasonal differences in the average concentration of or -
ganisms (Table 11). Minimum values occurred at different seasons for
different animals,.

Chironomids were most often found in highest concentrations during
the earliest sampling period, before the emergence of the adult flies,
After an overall decrease in concentrations in May and June, chironomid
concentrations again began to increase in late summer, However, indi-
vidual transects demonstrated variation to this general pattern (Table 12).
Transects in the area of W-2, W-5, and Q-1 all showed a sharp rise in
chironomid populations between July and September, whereas transects in
the area of Q-2, Q-5, and Q-7 showed decreases. These changes in con-
centrations at individual transects were associated with changes in genera
of chironomids. For example, September increases in chironomid concen-
trations at the W-2 and W-5 transects reflected increases in numbers of
Calopsectra.

Peculiarities of individual transects were also noted in seasonal vari-
ations of Oligochaeta concentrations {Table 12). COligochaetes showed
drops in concentrations between July and September except at the Q-5
transect which showed a significant increase. The smallest seasonal vari-

ation in numbers of oligochaetes was observed at the Q-2 transect, and
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Table 10, Concentrations of Chironomidae and
Oligochaeta in Quabbin and
Wachusett Reservoirs
Chironomidae Qligochaeta
No. of Total No. of |[Average No. of |Total Nc. of | Average
Transect } .

Location Samples Organisms No, per Samples Organisms No. per
Processed Observed Sample” | Processed Observed Sample®

W-2 14 266 19 14 65 5

W-5 17 380 22 17 167 10

Q-1 20 258 13 20 169 9

Q-2 16 255 16 16 38 2

Q-5 17 267 16 17 70 4

Q-7 16 216 14 16 88 5

* 1/4 ft2
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Table 11, Seasonal Variations of Benthic Populations
in Quabbin and Wachusett Reservoirs
(Average number of animals per grab--1/4 ft2)

February, March, April May, June July September

Animals 14 Samples 30 Samples 30 Samples 30 Samples
Chironomidae 36 12 14 16
QOligochaeta 7 8 6 3
Pelycepoda 1 <]l 3 2
Isopoda 3 <1 <l <1
Turbellaria <1 2 <] <1
Amphipoda 4 1 2 4
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Seasonal Variations in Numbers of

Oligochaeta and Chironomidae

(Average number of animals per grab - 1/4 ftz)

Transect Locations
w-2 [w-5 | -1 | Q2| o5 | o7 | &5

Chironcomidae

February, March, April 31 56 13 42 52 20 35

May, June 9 11 14 17 19 8 -

July 9 14 10 21 10 18 -

September 34 28 18 5 4 13 -
Oligochaeta

February, March, April 3 24 6 4 6 0 3

May, June 8 8 19 2 5 8 -

July 6 14 7 2 <1 8 -

September 1 3 3 2 ',76 1 -
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the largest, at W-5,

The river systems show differences in both the kinds and numbers of
animals present. Three of the Millers River stations had the fewest kinds
of animals preéent but the highest numbers of animals per square foot, fre-
quently over a thusand per square foot (Table 13 and Figure 25). This
lack of correlation between numbers and diversity in the Millers River is
illustrated in Figure 26 for samples from two types of river bottoms. All
but ore of the muddy bottom samples came from stations R-4 (South Royal-
ston), R-5 (Athol) and R-9 (Orange), whereas most of the samples from
sandy or gravel bottoms came from R-10 (Farley). At R-10 there was more
overlap in diversity with samples from the tributaries of the Millers River," h
but for both types of bottoms there was not only more diversity in the tri—-
butaries, but also, by contrast with the Millers River, a tendency for hi-gh‘
numbefs of animals to be associated with the presence of many different
types of animals.

Using mud samples taken with the Ekman grab és the basis for com-
parison, average numbers of animals per square foot at R-4, R-5, and R-9
were 101, 945, and 309 respectively. . These may be compared with ave-
rage values of 105 for the Ware River stations and 124 for the feservoir
muds. The Oligochaeta were the predominant animals at R-4, R-5, and
R-9. Midge fly larvae were predominant in the Ware River and the reser-
voir muds,

Table 13 shows several patterns which distinguish the Ware River and
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Table 13,

Number of Types of Benthic Animals

Found in River Samples

(January - August, 1971)

Millers River Tributaries | Ware River Millers River gc\)::;

Station 1 3 6 7 8 11 12 4 5 9 | 10 1
Animals
Porifera 1 1 1 1 1
Turbellaria 1 2 1 1 1 3
Oligochaeta 5 2 3 5 1 1 3 2 2 2 5 4
Hirudinea 1 1 2 4 3 6 2
Amphipoda 1 1 1 1 1 1
Isopoda 1 1 1
Diptera 13 11 10 9 14 11 7 7 7 4 | 11 7
Other Insect 30 42 44 34 16 31 15 3 5 1 16 2

Orders
Acari 4 7 2 5 4 9 2 1 1 2
Mollusca 1 3 2 1 2 1 3 5
Miscellaneous 3 4 2 1 3 1 1 1
Total 56 73 69 63 37 57 31 13 20 8 | 44 | 27
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Figure 25. Number of Animals Per Square Foot at Riverine Stations
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northern tributary stations from the Millers River and Connecticut River
stations. Sponges (Porifera) and Amphipoda (Class Crustacea) were pre-
sent in the former only while Isopoda (Class Crustacea) were present in
the latter only. While the northern tributaries and Ware River showed a
greater diversity of animals belonging to the Order Diptera (midge flies,
crane flies, etc.}, the difference between these two groups of river sta=
tions is most striking for ingects belonging to other Orders, such as the
Trichoptera (caddis flies), Odonata (dragonflies) and Ephemeroptera {may-
flies). These other insect Orders account for a much larger proportion of
the total diversity present in the northern tributaries and Ware River than
in the other river stations.

Distinct differences between the éonnecticut River and the Millers
River were detected., Worms were never the predominant organism in sam-
ples from the Connecticut River. Also, burrowing mayfly larvae, which
were present in Connecticut River samples, were not found in Millers River
samples. The Connecticut River bottom also had large clams (Margarjti~
fera), several inches long, which, were not found at any of the other river
stations,

Among the northern tributaries, R-8 (West Branch of Tully River} showed
the lowest diversity of benthic organisms. Concentrations at this station
were comparably low, In addition to these general differences, specific dif;
ferences in the distribution of certain genera among the tributaries were ob-

served. For example, Rhyacophila (caddis fly) was found only at station
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R-2., Two genera of burrowing mayfly larvae, Hexagenia and Ephemera

were found at R-8, but Hexagenia was the only burrowing mavyfly larva

found at other river stations.
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B. Chemical Data

Most chemical parameters exhibited a broad annual pattern which was
generally predictable. For example, in the rivers, a decrease in some para-
metars was observed during high flows in the spring, and an increase with
decreasing flows later in the year. This type of pattern was not so obvious
in the reservoirs. Substances readily associated with photosynthetic activity
in both riverine and reservolr systems also varied in an expected manner.
Annual pattern of individual parameters will be discussed in more specific
detail in the following sections. Refer to Appendix } for methods.

A number of parameters were either never or very infrequently detected
and, thus, will not be discussed. These include: detergents (MBAS), alumi-
num (A1), arsenic {As), barium (Ba), boron (B}, cadmium (Cd), hexavalént
chromium {Cr), cobalt (Co), copper (Cu), lead (Pb), selenium {Se), silicon
(si), silver (Ag), uranyl ion (U022+), cyanide {CN7), and fluoride (F7). Of
these, it is interesting to note that most of the few incidences of Cd, Co,
and Cu occurred in the Millers River tributaries and, thus, were probably de-
rived from natural rather than human sources,

Sulfate sulfur (804—8) was present in all samples, but exhibited no annual
patterns. There was little significant variation between riverine and reservoir
stations; riverine samples ranged from 2.0 to 8,0 pg/ml while reservoir samples
ranged from 1.5 to 5.0 pg/ml of 804-S. No further discussion will be given
this parameter,

For the discussion of chemical parameters, six individual sampling stations

have been selected as being representative of all others (Figures 5, 6 and 7).
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They are as follows:

(1)

(2)

(3)

(4}

(5

(6)

Connecticut River (R-1)

This station is reasonably unique among the rivers and stands alone.

Millers River near Athol (R-5)

This station ts characteristic of all the Millers River stations (R-4,
R-9 and R-10}.

Lawrence Brook (R-6)

This station is quite representative of the other tributaries to the
Millers River, i.e. R~2, R~3, R-7, and R-8. Of these, only R~8 {(West
Branch of Tully) is somewhat different; the difference is one of magnitude
and not kind, in that R-8 tends to have values on most parameters lower
than the other streams.

Quabbin Reservoir (Q-1)

This station is representative of the "outside" reservoir stations
which also include Q-2, Q=-3, Q-6, and Q=8. Q-1 was sampled at the
surface and at a depth of 10 meters; the values indicated in the follow-
ing graphs are averages of the two depths.

Quabbin Reservoir (Q~-4)

This station is representative of the "inside" reservoir stations which
also include Q-5, Q-7, and Q-9.

‘Wachusett Reservoir (W-2)

This station was selected to be representative of the reservoir as a
whole primarily because of its central location, While differences were
found between various parts of the reservoir, one station was chosen for

simplicity of presentation; differences beiween sites were not outstanding.
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The parameters which are to be discussed for these six representative
locations are alkalinity, chemical oxygen demand, total hardness, chloride,
ammonia nifrogen, total phosphorus, sodium, potassium, iron, manganese,
zinc, mercury, and carbon chloroform extract (CCE).

Our contract did not require us to measure aluminum, cobalt, silicon,
sodium and potassium; analyses were conducted by the subcontractor because
of interests in these parameters. Secondly, many of the parameters were
measured at frequencies greater than those specified in the contract. Finally,
several parameters of total and dissolved nitrogen and phosphorus were mea-
sured. However, discussions are based on total phosphorus and ammonia
nitrogen.

Alkalinity

The data for alkalinity are shown in Figures 27 and 28. It is immediately
apparent that alkalinity iz very low in Quabbin and Wachusett Reservoirs and
the tributary streams (R-6), Wachusett Reservoir {W-2} is most similar to
Quabbin (Q-4), while Lawrence Brook (R-6) is almost identical to Quabbin {(Q-1).
It would be unwise to attach any significance to the variations of alkalinity
with time in these particular systems since such low alkalinities are undoubt-
edly accompanied by a low buffer capacity; thus, relatively small changes in
conditions could result in pH changes of a magnitude sufficient to alter the
alkalinity as shown.

The highest alkalinities were obtained in the Connecticut River (R-1),

being about an order of magnitude higher than those in the reservoirs or tributary
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streams. A definite annual pattern is seen also at R-1, with a minimum
occurring at the end of April. The Millers River station (R-5) is gualitatively
similar to R-1, but is lower in value and erratic.

The annual variation in the Connecticut River is probably related to dilu-
tion and concentration effects at high and low flows, respectively, since the
pattern correlates well with the total hardness (vide infra). This‘ correlation
with hardness is not readily possible in the Millers River,

Alkalinity, as measured, could be a composite of bicarbonate (HCO3—),
carbonate (CO32-), and strong base (OH ). Strong base alkalinity would only
result from man's activities; this was never found. In fact, only bicarbonate
alkalinity was found in all cases.

Chemical Oxygen Demand (COD)

&

The COD data are shown in Figures 29 and 30. The Q-1, Q-4, and W-2
patterns are similar to those found for alkalinity at these stations, with subtle
differences; namely, Q-1 and W-2 are very similar, and Q;—4 is somewhat
higher. It is interesting to note that R-6, which compared with Q-1 in alka-
linity, showeci a higher (order of magnitude) COD, and an annual pattern that
suggests a flow correlation. The Millers River at R-5 shoyved a COD pattern
almost identical to that at R-6. This is interesting since R-6 has no known
interaction with man and his activities; thus, the COD is most likely of a
natural origin. High COD values in the tributary streams are common, except
at R-8, and were associated with high color; several spot checks were made

for tannins and lignins and these were found to be present in large amounts,
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Thus, it appears that this COD (at R-6) is due to organic substances and to
ammonia (vide infra) from natural sources. The source of COD in the Millers
River (R-5) is not as apparent because the Millers River does reflect the im-
pact of man. The Connecticut River maintained a COD not appreciably different
from that found in Quabbin {Q-4).

Total Hardness

In a strict sense, total hardness would be a measure of all metal ions of
charge 2+ and higher and, perhaps, lithium and thallous (T1%) ions as well;
that is, those metals which form insoluble scaps. Because of the relative
abundance and predominance of calcium and magnesium in natural waters, total
hardness is usually determined to measure these ions only. In this study,
hardness was not measured by the more conventional titrimetric techniques be-
cause of the imprecision usually introduced by poor indicator response and
interferences; rather, total calcium and magnesium were determined separately
by the more sensitive and precise atomic absorption spectroscopy, and hardness
calculated from these.

The data are shown in Figures 31 and 32, The lowest hardness levels
were experienced in Quabbin (Q-1) and the tributary streams (R-6), both areas
showing approximately the same values, Quabbin values {Q-4) were similar
to Quabbin values (Q-1) but somewhat higher. Wachusett Reservoir {W-2) was
higher than Quabbin or the tributary streams; in fact, Wachusett hardness was
not substantially different from the Millers River values {R-5), except in annual

pattern. The Connecticut River (R-1) exhibited the highest hardness levels, the
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pattern of which, as pointed out earlier, correlates quite well with alkalinity.
This suggests that the majority of the Connecticut River hardness is due to
natural causes,
Chlcride

All chloride values found in this study are below 25 ppm, as seen in
Figure 33, Chloride‘ in Quabbkin Reservolr and Wachusett Resefvoir were low
and exhibited no particular seasonal variation; the tributary streams behaved
like the reservoirs, Connecticut River values were not significantly higher
than the reservoirs, but did exhibit a seasonal variation, decreasing through
April and reaching a minimum in early May, probably because of dilution., The
Millers River behaved like the Connecticut River except that the level was

higher.

Ammpnia Nitrogen

Typical ammonia nitrogen data from this study are shown in Figures 34 and
35. Quabbin and Wachusett Reservoirs were generally below 0.5 ppm, with
occasional increases above 0.5 ppm. During the winter months, levels were
quite low (not below 0.01 ppm, however), with increased levels and erratic be-
havior during the late spring and the summer. While it is not possible to be
more specific, there seems to be a relationship between ammonia levels and
periods of biological activity, certainly with regard to general level. There is
a tenuous balance between the dissolved nitrogen forms, ammonia, nitrite, and
nitrate in solution; relatively small changes in pH and redox potential can shift

the equilibrium one way or the other to a considerable extent. Increased surface
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area (algae, bacteria, etc.) and variable biological activity can cémbine to
shift the relative balance between these species, so that it is not surprising
that ammonia levels were variable,

| The Connecticut River pattern was similar to that found in Quabbin (Q-4)
with slightly higher levels; the Millers River was always high in ammonia;,
even during the winter months, The tributary streams exhibited rather high
ammonia levels in the late summer (the same period 1n which high colors were
observed), presumably from natural causes.

Nitrate and nitrite nitrogen have not been shown graphically since the gen-
eral patterns for theser species are similar to that for ammonia. In general,
nitrite levels were relatively higher when ammonia was high, which indicates
conditions conducive to the formation of reduced species. In no case did any
water tested have nitrate plus nitrite levels in éxcess of 10 ppm total, the
level above which a danger of methemoglobinemia may occur.

Total Phosphorus

Total phosphorus rather than particular speciés, was selected for discussion
because, from an algal point of view, it represents the totgl reservoir of nu-
trient, for short and long-term supply. Total phosphorus includes orthophosphate,
polyphosphates, and organic phosphorus., The data are shown in Figure 36,

Except for the Millers River (R-5), phosphorus levels were reaspnably
low, but definitely finite. The analysis procedure used was reliable down to
" 0.01 ppm P, W‘nile‘there is no general agreement as to what level of phos-

phorus is limiting for algal growth, it seems clear that, if other growth factors
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are favorable, phosphorus levels in excess of 0,01 ppm will support algal
growth and even blooms. Thus, all waters sampled in this study could sup-
port algal populations in excess of those found, based on the phosphorus level,
That frequent blooms and high algal levels are not often observed suggests that
some other growth factor, or factors, are limiting; in the waters observed in
this study, the general lack of available carbon (as evidenced by the low alka-
linities) probably aids in limiting algal growth.

The phospherus levels in "outside” waters of Quabbin are higher than those
found in “inside" waters of Quabbin. The Millers River had the highest phos-
phorus levels of all waters, values as high as 0.2 ppm being common,

Sodium

While sodium was not called for in the project contract, it was measured
because of its requirement in living systems. It has proved to be an instruc-
tive parameter. None of the sodium levels observed were high enough to im-
part any taste to the water,

The influence of man and his activities is clearly seen from a study of
Figure 37, Both the Connecticut (R-1) and Millers (R-5) Rivers show marked
increases in sodium during the early spring, no doubt due to the introduction
of road salt. These levels drop when the freshet flow occurs, due to dilution.
The level recovers from this dilution and tends to rise, then level off, during
the summer. The Millers River remained moderately high and erratic, probably
indicating that man's activities may have a more obvious impact on thig river.

Wachusett Reservoir (W-2) showed a similar effect, except that the
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maximum did not occur until April-May, and it was more gradually approached.
In Quabbin and the tributary streams, sodium seems to be low in the ﬁﬁinter
and higher in the spring through fall months, but no markéd changes were ob-
served,

Potassium

Potassium levels, shown in Figure 38, were measured because of the need
for potassium by living systems., They are included he‘re primarily to illustrate
that, generally, potassium did not vary in the same way as did sodium, espe-
cially in the Connecticut River. This supports the contention that much of the
sodium observed was not due to natural causes, but was a result of human
activity.

Total Iron

Some concern has been expressed about the possible inltroduction of iron
{and manganese, etc.) into Quabbin and Wachusett Reservoirs upon the intro-
duction of Connecticut River waters into Quabbin. Figure 39 illustrates the
potential direct sources of iron., Virtually all iron found_was present as the
oxidized iron (III}.

Quabbin "outside™ waters and Wachusett Reservoir were almost free of
detectable iron; Quabbin "inside" waters frequently showed moderate levels ap-
proaching the 0.3 ppm (filterable) level,

The Connecticut River exhibited fairly high iron levels until the end of
April after which the level was virtually nil. In contrast, both the Millers

River and the tributary streams consistently exhibited high iron, the level of
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which varied markedly,
Manganese

Figure 40 shows that levels in excess of 0,05 ppm were found in the
spring., Subsequent to this, all levels decreased to nil during the early sum-
mer, All stations showed the same general annual pattern,
Zinc

Prom Figure 41 it can be seen that, except for one surge at Q-4, the
zinc levels of all stations were very similar in annual pattern‘, with all sta-
tions exhibiting irregular patterns.
Mercury

Low levels of mercury have been found at all of the sampling sites. Sev-
eral spikes of mercury in excess of 5 ppb (U.S5.P.H.S. standard) have been found
at some locations, especially in the Millers River, Quabbin and Wachusett Res~
ervoirs., Of these, the most significant findings have been those relative to
Wachusett Reservoir where pericdically high values were found earlier in the year,
These values decreased and remained at low levels in the third quarter, As has
been pointed out in earlier reports, it is not possible, due to the sampling regimen,
to define the source of this mercury. Mercury levels at selected locations are
shown in Figure 42,

Carbon Chloroform Extract

CCE values for all waters examined were in the range of 0.1 ~ 0.2 ppm in
the first quarter, and thersafter remained in the range of 0,01 - 0.04 ppm. It

is impossible to attach any significance to these values until a second year
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study can confirm the relatively high first quarter values. Except for this
apparent difference between the earliest and all other values, no other pat-

terns to the CCE data were observed.
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Physical Data

(1) Color

Quarterly averages of color (Table 14) for the various systems exam-
ined yvield a pattern from highest to lowest color for each quarter, as
foilows: |
fa) tributaries to Millers River
{b) Millers River
{c) Ware River
{d) Connecticut River
{e) Quabbin Reservoir {"inside" stations)

{f] Wachusett Reservoir
{g) Quabbin Reserveir ("outside" stations)

Color generally decreased or remained constant in riverine systems
during the first quarter, and increased in the middle of the second quarter
(Figure 43). Most riverine stations showed decreases in color during the
third quarter. Of all riverine waters, Connecticut River waters were the
most constant with respect to color, with quarterly averages ranging from
20 to 25 color units,

Color increased only slightly at most Wachusett Reservoir stations,
but increased dramatically between the first and second quarter in the
area of the Route 12 crossing (W-1) (Figure 44), The only significant in-
crease in color in Quabbkin "outside" stations was noted at station Q-6

(Shaft 12) and was perhaps the result of water from the Ware River



Table 14-A. Summary of Physical Data
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Specific Dissolved Turbidity
Color Conductance Oxygen pH Hach Spec. 20
Pt.~Co. Units Micromhos/cm mg/1 J.T.U. J.T.U.
Quarter 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2
No. of
- Readings 28 41 27 28 4] | 27 13 41 27 28 41 27 7 44 27 28 |20
a0
=
.'gé' Range 1.0 2 5 33 40 { 42 [11.0 9,0 6.4/ 5,8 16.0| 0,3|| 0.3} 0.3 0.6 4 4
gs 6.01 10 5 59 441 46 (l4.6| 12.6(10.8} 6.4 /6.7 | 7.1|l 0.8 0.8} 1.0 4 8
Average 3 4 5 44 421 43 [13.8| 11.2} B.6 6.2 | 6.4 6.6/ 0.5| 0.5 0.8 4 4
No, of
ox Readings 25 37 19 25 3619 10 35 19 25 36 19 7 36 19 25119
ey O
%% Range 3 5 5 37 41 | 44 0.3 7.6 6.0 4.6 | 5.4 | 6.3 0.7 0.5} 0.7 4 4
5._5 35 65 25 73 55|53 |13.9 12,1| 8.5|L 6.4 6.7 | 7.0} 1.0| 1.0| 2.0} 26 | 30
Average 15 20 12 54 48| 48 |j12,5} 10.2| 7.9 6.1 [ 6.2 | 6.7{ 0.9 0.8} 1.0 10|16
No. of
- Readings 23 36 18 25 3118 17 36 18 25 36 18 4 36 18 [ 25 24
e
o
é Range 1 3 5 36 60| 47 (12.4 9.3 6.8|| 4.8 | 6.2 | 6.4l 0.4 0,3 0.5 4 4
0 17 40 10 108f 98179 [13.8| 12.8¢ 9.4} 6.5 | 7.0 | 7,3 0.9 (- 1.0} 0.8§ 16| 22
2
Average 4 i1 7 58 72167 (13.1} 11.0| 8.4 6.0 | 6.6 | 6.8} 0.6 0.5} 0.6 4 8
No. of _
"8 Readings 20 30 15 20 301 15 14 30 15 20 30 15 5 30 15 20| 20
B
v
gé Range 12 15 20 37 311 32 9.3 6.2| 5.6i 5.1 | 4.8 5.6/| 0.4} 0.4 1 4 8
E%’ 80 {165 150 60 48] 66 (13.2| 11.9| 8.4l 6.1 | 6.4] 6.9 1.0] 2.0 2 56 | 54
=5
,Q-—I
EEE Average 39 55 98 47 407 48 [11.6 9.5 6.9|| 5.5 5.5| 6.2}| 0.6 0.8] 1.6} 30, 29




Table 14-B. Summary of Physical Data
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Specific Dissolved Turbidit
Color Conductance Oxygen pH Hach Spec, 20
Pt.~Co. Units Micromhos/cm| mg/1 J.T.U. J.T. U,
Quarter 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1] 2
No. of
Readings 8 12 6 8 12 6 5 12 6 8 12 6 2 12 6 8 8
o 3
@ > | Range 25 30 45 57 44y 45 (112.2 6.7 7.0 5.3| 5.41 6.3} 0.8 0.6 2 20} 22
3'5?' 30 80 70 71 59| 62 {|14.2 11.41 8.7 5.91 6.31 7.3 0.8 2.0 3 221 36
Average 28 51 55 65 49| 55 §13.1 9.31 7.8 5.7 6.0 6.9 0.87 1.2} 2.8 21} 28
No. of
§ Readings 4 6 3 4 6] 3 2 6 3 4 6 3 1 6 3 41 4
ﬁ -
8& Range 18 20 224 112 711116 }12.0 9.4| 8,3 5.7 6.8 6.7 2.0 2.0 3.0 20| 16
EE 22 25 25 123 | 123 1504 12.1 13.4} 9.3 6.7 7.1 : 7.7y 2.0 6,01 3,0 22| 26
0
O
Average 20 22 25 118 841 135(12.0 11.2} 8.8 6.4 7.0} 7.2 2.0 2.8 3.0 21| 20
No. of
Readings 14 24 12 16 24| 12 8 24 12 16 24 12 4 24 12 16| 16
4]
8 8 | Range 25| 20| 45| 49 | 62[101f 9.0 1.4| 0.7 5.6 5.4 6.4{ 8 | 2.0| & | 39| 30
E = 42 90 90 170 | 119( 146 §13.5 12.0| 9.4 6.9 7.1 | 7.61| 15 70 40 1281 80
= :
Average 34 54 72 1 115 80| 121911.8 8.6 5.5 6.3 6.4 1 6.9} 11 16 16 62| 46
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Figure 44, Color of Water at Quabbin "Qutside" and

Wachusett Reservoir Stations

Color Units

40

35

30

25

20

15

- 10

Legend
Quabbin Reservoir
"Outside™ Stations

Wachusett Reservoir
except W-1

w-1

-¥0I-



-105-

&

diversion leaking into the sampling area through closed gates on the

shaft. General increases in color were observed in Quabbin j'inside" .
stations between the first and second quarters (Figure 45). Color gener-
ally decreased at these stations in the third rquarter. Among these "inside"
stations, Q-9 was significantly lower in color, and appeared intermediate
between values obtained for the other "inside" stations and the "outside"
stations. This result corresponds with the staﬁon's physical p!osition

(Figure 5) relative to other stations on the reservoir.

{2} Specific Conductance

Values of gpecific conductance fluctuated over wide ranges in each of fhe
gystems examined. These fluctuations were particularly large in the
first quarter (Table 14 and Figures 46, 47}, and became progressively smaller
in the second and third quarters. In general, the systems examined can
be arranged according to decreasing values of specific conductance (Table
14) as follows:
{a) the Connecticut and Millers Rivers
(b) Wachusett Reservoir
() tributaries to the Millers River, and the Ware River
(d) Quabbin "inside" waters
{e) Quabbin "outside" waters
Values of specific conductance in the Millers and Connecticut Rivers
as well as many from Quabbin Reservoir, shox!ved significant drops in April

and early May. Only slight changes in values were noted in the tributary
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rivers throughout the three quarters. The lowest values obtained from
the Millers and Connecticut Rivers (April-May) were about 60-70 pmhos/
cm. The range of values obtained from Wachusett Reservoir in April and

May was 45-85 umhos/cm.

Dissolved Oxvgen

Quarterly averages of dissolved oxygen values in each of the systems
examined (Table 14) indicate a basic similarity between all systems with
the exception of the Millers River which showed the lowest dissolved OXy -
gen concentrations in the third guarter. The lowest values within the
Millers River were always obtained from samples collected in the South
Royalston area (R-4),

As depicted in Figure 48, there was a general increase in dissolved
oxygen in most systems between January and March, and a decrease in
oxygen concentrations (which corresponded generally with temperature in-
creases) from March through September. Dramatic decreases in oxygen
concentrations which cannot be directly correlated to temperature change
alone occurred in the Connecticut River and in the Millers River in April
and May. The greatest range of dissolved oxygen values was consistently
noted in the reservoirs, and while the reservoir values were often observed
to overlap values found in tributary waters, the fributaries to the Millers
River showed generally lower values of dissolved oxygen throughout most

of the three quarters.
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(4) pH

Quarterly averages of pH (Table 14) for station groupings employed
in earlier sections of this report cannot be used to distinguish these
groupings from each other. They do show, however, obvious increases
in pH between the first and third quarters for each grouping.

An examination of changes in pH at each individual riverine station','
moreover, reveals the following three persistent patterns of pH values
{Figure 47):
fa) pH values ranging between 5.7 and 7.7, with a persistent increase

in values from first through second quarter (Connecticut River)

(b) pH values ranging between 5.3 and 7.7, with a significant drop in
values in mid-~April (Millers River, Ware River, and West Branch of
Tully River)

(¢) pH values ranging between 4.8 and 6.6, with a significant drop in
values in mid-April (Tarbel, Priest, and Lawrence Brooks, and East
Branch of Tully River)

All pH wvalues for reservoir waters fall within the second pattern with
the following exceptions:

(a) Wachusett %md Quabbin "outside" stations did not show an April de-~-
cline in pH, énd values were more alkaline than the Millers, Ware
and West Branch of Tully Rivers by about 0.5 log units,

{b) In February, station Q-5 in Quabbin (Rattlesnake Hill area), and
station W-5 in Wachusett (Clinton intake area) showed pH values of

4.6 and 4.8 respectively.
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Turbidity

Originally turbidity measurements were made on a spectrophotometer
(Spectronic 20), calibrated to a formazin standard, Later, this method
was compared with the Hach turbidimeter, which is a true nephelometer,
and is also calibrated with formazin (see Appendix 1}. The Hach turbidi~-
meter readings were consistently lower than the photometric readings, and
direct correlations between turbidimetric and photometric values could not
be made (Figure 50). The Hach turbidimeter readings were compared with
those of the MDC Laboratory at Quabbin Reservoir, and found to be in
good agreement. After the second quarter, duplicate readings on the
Spectronic 20 were abandoned., However, both sets of data are entered
in Table 14,

Quarterly averages of twbidity for the systems examined (as measured
by the Hach method) indicated an overall pattern of decreasing turbidity
(Table 14) as follows:

(a) Millers River

" (b) Connecticut River

(¢} Ware River

(d) Millers River tributaries

(e) Quabbin Reservoir ("inside" waters)
{f) Wachusett Reservoir

{g) Quabbin Reservoir ("outside" waters)
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Major differences in turbidity in these systems are depicted in Figure

51. The reservoirs consistently averaged 1.0 JTU or less,

Temperature

Daily fluctuations of temperature in all riverine systems are most
likely far greater than differences noted between individual systems in
the same time period. Temperature differences which were noted between
individual riverine systems ranged from about 1°C  in late February to
10°C  in early June, The highest riverine temperature in early June was
recorded in the Millers River at South Royalston (27°C)}, and the lowest
in-the western branch of the Tully River (17°C). The temperature recorded
in the Connecticut River at this time was 20°C.

Surface temperatures of riverine waters were generally comparable with

- surface temperatures of reservoir waters for all quarters. Quabbin "inside"

stations were generally warmer than Quabbin "outside" stations. A com-

" parison of temperatures recorded at selected Quabbin stations and the Con-

necticut River from January through June is made in Figure 52,
The depth of the thermocline in Quabbin Reservoir varied from about
5 to 11 meters over the summer season. Temperature profiles from wvarious

areas of the reservoir were generally comparable (Tables 15 and 18),
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Table 15, Temperature Profiles at
Quabbin Reservoir {Q-9)
(°C)
Depth 1 Jun 15 Jun 29 Jun 20 Jul 17 Aug 14 8ep
(meters)
0 X 20 23 24 X 24
1 15 20 23 23.8 25 24
2 17 19.8 22.9 23.9 24,9 24
3 16.5 19.6 22.58 23.7 24.9 24
4 16 19.4 22.9 23.5 24,9 24
5 13.5 19.0 22.9 23.3 24.8 24
6 13 18.2 22,5 23.3 24,7 24
.7 12.5 17.8 22.0 23.1 24,5 24
8 12 15.2 20.2 23.1 24,0 24
9 12 14,2 19.1 23.0 22.2 24
10 12 14,0 17,1 22,1 18.9 24
11 X 13.2 X 18.5 17..0 21
12 X 13.0 14,3 16.2 15.5 18 -
13 X 12.5 X X X 17
14 X X 14.1 X X 18
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Table 16. Temperature Profiles at
Quabbin Reservoir (Q-2)
(°c)

Depth 22 Dec 15 Apr 3 Jun 1 Jul 22 Jul 19 Aug 16 Sep

(meters) :
0 2 4.2 X 24.2 X 24.6 26.0
1 5 4,2 X 23.9 24.0 24.4 25,0
2 5 4.2 X 23.9 23.8 24.4 23.7
3 5 4.1 15 23.5 23.5 24.3 23.3
4 5 4.1 X 23.3 23.2 24,2 23.3
5 5 4.1 X 23.1 23.1 24.1 23.3
6 5 4,1 14.8 23.0 23.1 23.9 23.1
7 5 4,1 X 21.5 23.0 23.7 23.0
3 5 4,1 14.5 19.0 22.9 23.5 X
9 5 4.1 X 17.5 22.9 23.3 X
10 5 4.1 X 16.0 19.0 23.1 X
11 5 4.1 X 15.5 16.0 18.5 X
12 5 4.1 X 13.8 | X X X
13 ) 4.1 X X X X X
14 5 4.1 X X X X X
15 5 4.1 X X X X X
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Pesticide Data

Twenty-seven reservoir and riverine stations were sampled and tested for

pesticides, The breakdown on the stations is as follows:

Quabbin Reservoir 15
Wachusett Reservoir 6
Rivers (Stations 1,2,3,5,7,8) )

The stations were sampled during the winter (Jan.-Feb.), the spring (May)
and the summer (August). One station (Q-R-1) was not sampled in August
because of no flow from the Ware River Diversion. Fourth quarter samples
were collected in November; the results are presented in the subseguent
supplementary report, (Appendix 6, Fourth Quarter Data).

Table 17 lists the pesticides and the detection sensitivities required for
the project. In no instance did the water samples contain insecticides or
herbicides above the required detection sensitivities, For example, whenever
a trace amount of any chlorinated hydrocarbon pesticide was detected, the
levels were reported as less than 10’4 ppm. Trace amounts of the chlcrinated
insecticides and the organic phosphates/carbamates were seen iﬁ both the win-
ter and summer samples. Nothing was detected in the second quarter (May)
samples. Absolute identification was not required for trace amounts. No
attempt was made to positively identify PCBs in any of the_ waters, They may
have been present, but the levels were so low that no positive identification
of any peaks possibly attributable to these compounds was carried out, Table
18 summarizes the presence of trace amounts of various groups of compounds.

No herbicides were detected.
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Table 17. List of Pesticides and Required
Sensitivity for Detection Technigques

Compound Sensitivity in ppm
Aldrin *0,0001
Chlordane +£0.0001
DDT +0.0001
Dieldrin +0,0001
Endrin . *0,0001
Heptachlor +£0.001
Heptachlor epoxide £0.001
Lindane £0.0001
Methoxychlor *+0.0001
Crganic Phosphates

and Carbamates +0.01
Toxaphene +0,0001
2,4-D *0.01
2,4, S—T +0.01
2,4,5-TP +0.01

Phenols —-—
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As seen in Table 17 the project required the detection of phenolic com-
pounds. Because of confusion on sensitivity requirements, no analyses were
possible on the winter samples. Subsequent water samples were analyzed as
described in the methods section of this report. No traces of phenols were
detected in the May samples., Trace amounts (0.0l to <0.01 ppm) of phenolic
substances were detected in 4 river samples collected in August. Specific
locations are shown in Table 18,

In conclusion, the results show only trace amounts of pesticides where
present, no amounts exceeded the sensitivity requirements, the spring (May)

samples were free of pesticides, and traces of phenolic compounds were seen

in the summer river waters.
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Table 18. Summary for Detection of 7
Trace Amounts of Pesticides and Phenols

Stations omitted from the Table showed no traces of any compounds,

Station First Quarter Third Quarter
Q-2-5 oP/C

Q-2~10 A
Q-3-Tap OP/C
Q-7-8 OP/C

Q-8-8 oP/C

Q-9-5 AL

Q-9-10 OP/C

Q-R~1 OP/C

W-2-8 OP/C

W-5-8 A

W-5~10 AL

R~1 L

R-2 Ph

R-3 A,D,L ' Ph

R-5 A,H,HE,L . L, Op/C
R-7 A,D,H Ph

R-8 A Ph

Compound Codes: OP/C = Organic Phosphates/Carbamates, A = Aldrin,
D = Dieldrin, H = Heptachlor, HE = Heptachlor
Epoxide, L = Lindane, Ph = Phenols
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Radicactivity,

Originally it was agreed that the sponsoring agencies were io provide NER
with the appropriate data on radicactivity for all systems under study. Later
it was decided that NER would collect the water and deliver it to the Lawrence
Experiment Station for analyses at their Radiological Health Lab. Over the per-
iod July 15-22 a total of 32 samples were collected. They were distributed as
follows: rivers - 12: Quabbin Reservoir - 14; Wachusett Reservoir - 6. Station
Q-R-1 at Quabbin was omitted because it was dry; the Ware River was not being
diverted.

The results of analyses showed all samples to have gross beta activity
below 10 puc/liter. Of the river stations, R-2, R-4, R-6 and R-7 showed the
highest values (6 and 7 puc/liter). No gross alpha activity was detected in
any water samples, Because of the low beta activity and undetectable alpha
activity, no tests were performed for 226p5 and 9081’.' The policy of the Law-
rence Experiment Station is not to test for 226Ra if the gross alpha activity

90

is under 1 p_pc/liter, nor for Sr if the gross beta activity is less than 10

i }Jc/liter.
Additional water samples were collected in November. The results of

those analyses  are reported in the subsequent supplement, (Appendix 6).
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6. OTHER INFORMATION

A, Hydrodvnamic Studies

This section is a summary of the hydrodynamic studies of the Quabbin
Reservoir carried out under subcontract by the Alden Research Laboratories
(Hecker and Yale, 1971},

Because of the three~dimensional geometry of the reservoir and the com-
plex, periodic nature of the diversions, analytic technigques could not be ap-
plied with confldence until some understanding of the basic reservoir hydro-
dynamics was available. To this end, a small-scale hydraulic model of
Quabbin Reservoir was constructed and tested. The horizontal scale was I:
4000, while the vertical conversion ratio was 1:200. Appropriate Froude model
similitude and scaling criteria were employed. Flow patterns in a model of
this type are due mainly to inertia and gravity forces. Iso’chermal conditions
{(i.e. no stratification) were assumed, and no attempt was made to account for
surface shearing forces due to winds, Finally, the density of the inflow'
water was the same as that of the reservoir water. Dye tracers were used
to study flow patterns. Photographs were taken at periodic intervals, and the
running time in hours was converted to the equivalent time in days. Thus
basic reservoir dynamics including retention times and circulation patterns over
a period of days could be studied on the model,

The study is presented in three sections. The first is an attempt to study
the flows between the west branch and the main reservoir. The second section

includes calculations of dilutions and retention times. Finally the third section
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is a discussion of the flow patterns.

(1) Flow Between West Branch and Main Reservoir

Stage-volume curves for both the west branch and the entire reservoir
were prepared. Tor known inflows or withdrawals over a given period,
the change in volume and thus the change in surface elevation of the en-
tire reservoir can be determined. Assuming a horizontal water surface,
volume changes in the west branch can be determined. Therefore, for the
same time period, the average flow into or from the west branch can be
calculated.

Two cases producing inflows to the west branch from the main reser-
voir, and one case producing outflow from the west branch into the main
reservoir were considered, Using the cross-sectional area of the narrows
connecting the west branch and the main reservoir, the calculations indi-
cate that the velocities associated with the net flows into or from the
west branch would be negligible and not measurable with standard current
meter techniques, While the stage-volume curves of the MDC differed,1
the results show that an exchange of water between the west branch and
the main reservoir should be expected irrespective of those differences.

This conclusion was verified by the flow pattern studies described below,

{2) Dilutions and Retention Times

Several cases involving various operating conditions were considered

lThe model was constructed with templates prepared from U. 8. Coast and Geodetic
and Borden Surveys taken in 1885 and 1887. The M,D. C. conducted field sur-
veys in the 1930's.
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for calculating dilution ratios. Assumptions included an initial reservoir
level of 508 feet and diversion and Swift River inflows of 70 days. The

resulis are shown below:

Inflow

Duration
Case Inflows (days) Dilutions
I Ware River Diversion & 70 5.2

Swift River branches

Connecticut River
II Diversion and Swift 70 2.1
River branches

Connecticut and Ware
11T River Diversions and 70 1.5
Swift River branches

The dilutions represent the amount that the input volume would be diluted
by the volume of the reservoir in the main and east branches north of
Shaft 12, If the reservoir volumes of the east and main branches to Win-
sor Dam are considered, the dilution ratio for Case IIT is 3.5. Slightly
higher values would be obtained from the MDC stage-volume data.
Retention times were computed using the model topographical and
stage-volume data. Calculations were based on velocities of total in-
flows at various reservoir cross-sections, and on the inflows displacing

all reservoir volume north of Shaft 12. The conditions shown in Table 19

v

for Test 3 were used for the calculations. Assuming all ambient reservoir

volume northeast of the baffle dams and the "gap" between Mt. Zion and
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Mt, L (Figure 5) were displaced by the inflow, it would take approxi-
mately 35 days for the Connecticut, Ware and Swift River flows to reach
the gap. An additional 50 days would be required to displace the reservoir
volume from the gap to Shaft 12, or a total "travel time" of 85 days.
Slightly shorter travel times resulted from calculations based on cross-—
sectional flow velocities southward from the gap. Travel times would pre-
sumably be slightly longer when based on the somewhat greater volumes

of the MDC stage-volume data.

Flow Patterns

Three different test series to study flow patterns were run.on the
model. The test conditions for the three test series are shown in Table 19,
Appropriate dyes were used for the various inflows. The advance of the
dye "fronts" was used to gain insight into the dynamics of the flow pat~
terns. The results of these tests are summarized in Table 20. Note that
the reservoir level for Tests I and II was 530", whereas it was 508  for
Test III. Of interest is the lack of a direct flow path toward Shaft 12.

To confirm this, concentrated dve was introduced at four locations in the
intake vicinity after 260 days of elapsed time in Test II. The results show
random fluid motion in the southeastern portion of the middle branch, and

indicate that the withdrawn flow is a mixture of water from that area.

Tully Diversion Studies

Following these studies, the Army Corps of Engineers requested that
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Summary of Inflow and Outfilow Conditions

for the Studies of Flow Patierns

TEST 1
Reservoir E1., 530 ft,

INFLOWS: Ware River
OUTFLOWS: Winsor Dam

TEST 1II
Reservoir El, 530 ft.
INFLOWS: Ware River

Connecticut River
CUTFLOWS:; Winsor Dam

Shatt 12
TEST I1II
Reservoir El1, 508 ft,
INFLOWS: FEast Br. Swift River

Middle Br. Swift River
West Br., Swift River
‘Ware River
Connecticut River

CUTFLOWS: Winsor Dam

Shaft 12
TEST IV
Reservoir El, 508 ft,
INFLOWS: East Br. Swift River

Middle Br, Swift River

West Br. Swift River

Ware River

Connecticut River

Tully River
OUTFLOWS: Winscr Dam

Shaft 12

250
50

250
600

50
450

160
30
50

250

600
50

450

100
30
50

250

600

350
50

450

cis
cis
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Table 20. Summary of Model Flow Pattern Studies

Days Required

Test Series Position of Dye Front tc Reach Position Comments
I Southeast corner of Mi. 35
Zion
Slight additional advance 50
Narrow section east of 110
Mt. Zion
Gap north of Mt. Zion 230 Some diffusion into
middle branch.,
I Conn. River water in
northern portion of middle 50
branch
Ware River water south-
east side of Mt., Zion 60

Conn, River water through
gap north of Mt, Zion

Conn. River water south-
ward along Swift River bed.
Ware River water at narrow
section east of Mt. Zion.

Conn, River water mixed
with southern portion of
west branch.

additional time
beyond 50

100

200

Water follows original
Swift River bed,

40 days after diversions
stopped and withdrawal
from Shaft 12 begun.

Diffusion of both waters
with water of main
reservoir,




Table 20.

Continued

Test Series

Position of Dye Front

Days Required
to Reach Position|

Comments

III Conn,. River and Ware River Begin to flow into
waters join at gap. 30 middle branch,
Beyond cut into middle
branch. 55
Additional southward move- Extensive mixing with
ment in middle branch. 70 middle branch. After
withdrawal from Shaft 12
begun no evidence of
established flow to
Shaft 12,
70 + Extensive mixing of
7 months diverted waters with
' middle branch and
southern part of west
branch,
v All 3 Diversions mixed and
at gap. 25
Dve well advanced into 69 Mixing continues
upper portion of middle
branch.
70 Complete mixing in
northern portion of mid-
dle kranch. (Diversions
stopped at 70 days;
Shaft 12 flow started)
Mixed flows at position
opposite Shaft 12, 85 No direct flow path to
Shaft 12.
West Branch 275 Extensive mixing.
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additional studies be conducted to include the proposed diversion flow
from the Tully River System.

The test conditions for the model studies including the Tully System
are shown in Table 12 under Test IV. The results are summarized in
Table 20. In general, the results are similar to those with Test III, in-
cluding the flow dynamics, travel time, and lack of direct flow to Shaft
1z,

Calculations of flow times with the Tully Diversion results in a fig-
ure of 60 days, as opposed to 85 days for the model studies. This figure
is less than the 85 days calculated for Test III, and .is based upon the
additional inflow from the Tully Diversion. The difference in travel time
resulting from calculations as.opposed to model tests is believed to be
due to the difficulty in defining the exact position of the diffused dye
front on the model. Calculations are believed to be more consistent and
more indicative of trends than the model tests, Nevertheless all values,
whether from computations or test runs fall within a relatively narrow range,
Consequently, a retention time of 60 to 90 days for Connecticut River water
is a reasonable range to consider for this study.

Finally, dilution ratios for the case of all three diversions were com-
puted based on inflow volume relative to volume in the appropriate portion
of the model reservoir. Swift River inflows from the east and middle
branches during the 70 days of diversion were included to obtaiﬁ a fotal

ambient volume., The total diversion volume was then divided into the
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ambient volume north of Shaft 12 to obtain a dilution ratio of 1:1. If

the reservoir volume in the entire east and middle branches to Wingor Dam
is considered, the dilution ratio is 2.5:1. See page 127 for dilution ratios
of Cases I, II and III.

Dilution ratios and retention times would be slightly greater if the
greater volume of the MDC stage-volume data were used. Thus a dynamic
range of ratios is possible depending upon reservoir volume. We wish to
stress that travel times as reported in this study are only approximate
values. Also, dilutions are based on assumptions of complete mixing.
Stratification and Wil-']d phenomena under field conditions may result in
less dilution and reduction in retention times for waters of riverine
origin. This must be borne in mind when one reads Sections 7 - 10 of
this report.

It is important to note that no basic differences in hydrodynamics
were noted for the differences in elevation used in the tests. Flow of
diversion input waters followed the same course in the reservoir, es-
sentially along the original riverbed. We assume the model will show
similar flow patterns for even lower elevations (e.g. 490 feet). However,

the lower volumes will result in lesser dilution capacity for riverine waters.
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Fisheries Information

Most of the information of this section came from Mr. Colton H. Bridges
and his research staff of the Massachusetts Division of Fisheries and Game.
The information came from both written reports and personal communications,

Sports fisheries in Quabbin Reservoir has its main attraction in & good
salmonid (Salmonidae) fisheries program. Lake trout became well established
in Quabbin Reservoir in the 1950s (Mullan, 1958), Smelt were also intro-
duced, thus providing a forage for the lakers that reached piscivorous size.
The smelt population grew so rapidly that the MDC experienced problems in
its water supply and distribution system. Eventually control measures were
instituted and the smelt population was reduced. This also had an impact on
the lake trout and consequently the lake trout population was also reduced.

In recent years attempts to restock lake trout and smelt have been carried out.
These now appear to be successful, and there is concern within the Massachu-
setts Division of Fisheries and Game to maintain a proper ecological balance
and viable figsheries program in the reservoir.

A checklist of species in Quabbin supplied by the Division of Fisheries
and Game indicates 26 species, These include both warm water and cold
water species. It is important to stress, however, that if the salmonid popu-
lation decreases, the number of angler trips also declines. This is true even
if the warm water population of fishes increases. Therefore, the maintenance
of the water quality required to support the salmonids is considered vital by

the Division of Pisheries and Game. Creel census figures for the 1950s and
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1960s indicate that other species, including bass, pickerel, perch, bullheads,
and walleye pike are also taken from Quabbin (Quabbin Reservoir Investigations,
Project No. F-6-R-12, job. No. 1}

Several other points are important to the current project. A Connecticut
River Anadromous Fish Restoration Program is currently underway. The states
of Vermont, New Hampshire, Massachusetts and Connecticut are cooperating
with federal agencies to restore runs of anadromous fish in the river. This
will require the development of fish ascending facilities., When these are com-
pleted, many species including lampreys will get above the Turners Falls Dam.
A second point of interest is that experience with the Muddy Run (Pennsylvania)
pumped storage facility shows that fish from the river were found in the upper
reservoir. Finally, experiences with Quabbin have shown that smelt introduced
into Quabbin also got into Wachusett Reservoir.

Turning briefly to the rivers, the mainstem Millers cannot now sustain a
good fishery. The Tully System has species which are similar to those found
in Quabbin, These are stocked each year. The Connecticut River has several
undesirable species as far as possible infroduction to Quabbin in concerned.
These include carp, eels, and lampreys.

Field operations during the present study did not include an investigation
of fisheries., However, our benthic and zooplankton samples were examined
for fish eggs and fish larvae. One fish embryo was seen in a Quabbin zoo=-
plankton sample, and at one river station (R-7) developing larvae were present

in a benthic sample. This lack of fish eggs or larvae is not attributable to
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the mesh size of the plankton nets, but rather is related to sample locations
and volume of water concentrated. In the reservoirs our stations are located
in deep water whereas most spawning occurs in shallower waters. Fish eggs
in streams are generally buried or attached, and are too infrequent to be
found in the volumes of water concentrated for plankton samples. The same
is true with regard to the frequency of larvae. Special techniques which take
into consideration actual nesting spots would have to be considered in order

1o increase the probability of detecting eggs and larvae in samples,
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C. Pollution Abatement Plans

In respo’nse to a request for a time schedule for the abatement of pollu-
tion on the Milters River, Mr, Slagle {Chief of Implementation and Enforce-
rﬁent, Massachusetts Division of Water Pollution Control) stated that by the
end of 1972 all planned treatment plants on the Millers River should be
operational, He also stated that water quality goals specified for the ;\rar—
ious Millers River basin waters by the Division cﬁ“ Water Pollution Control
will have been met by the same date, According to the Millers River Basin
Classification Plan (Massachusetts Division of Water Pollution Control, River
Basins Classifications, 1967), all Millers River and its tributary waters ex-
amined in the progress of this study are expected to be up to Class "B" standards
when the abatement program is complete.* This same master plan also calls for
the eventual upgrading to Class "B" of waters of the Connecticut River from the
New Hampshire, Vermont, Massachusetts state line to the dam at Holyoke,
Massachusetts, No timetable is specified in that report,

Class "B" waters are defined in Water Quality Standards {Massachusetts
Divigsion of Water Pollution Control, 1967) as waters "suitable for bathing
and recreational pur'ila‘oses including water contact sports; acceptable for pub-
lic water supply with appropriate treatment; suitable for agricultural, and
certain industrial cooling process uses; excellent fish and wildlife habitat;
excellent aesthetic value"., The water QUaIity criteria upon which this classifi-

cation 1s based are as follows:

*Recent information indicates that it is unlikely that the proposed timetable

for completion of the abatement program will be met. (Personal Communi-
cation, April 5, 1972, Mr. Everett Maynard, U S. Army Corps of Engineers),
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Item Water Quality Criteria

{1) Dissolved oxygen Not less than 75% of saturation during
at least 16 hours of any 24-hour per-
iod and not less than 5 mg/l at any
time.

(2) Sludge deposits-solid refuse-
floating soclids-oils-grease- None allowable
scum

(3) Color and turbidity None in such concentrations that would
impair any usages specifically assigned
to this class.

{4) Coliform bacteria per 100 ml Not to exceed an average value of 1000
during any monthly sampling period nor
2400 in more than 20% of samples ex-
amined during such period.

(5) Taste and odor None in such concentrations that would

‘ impair any usages specifically assigned
to this class and none that would cause
taste and odor in edible fish.

(6) pH 6.5 - 8.0

(7) Allowable temperature increase None except where the increase will not
exceed the recommended limit on the
most sensitive receiving water use and
in no case exceed 83° F. in warm water
fisheries, and 68° P. in cold water fish-
eries, or in any case raise the normal
temperature of the receiving water more
than 4° F,

(8) Chemical constituents None in concentrations or combinations
which would be harmful or offensive to
human, or harmful tc animal or aquatic
life or any water use specifically as-
signed to this class.

(9) Radioactivity None in concentrations or combinations
which would be harmful to ‘human, ani-
mal, or aquatic life for the appropriate
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Tiem Water Quality Criteria

water use, None in such concentrations
which would result in radio-nuclide
concentrations in aquatic life which ex-
ceed the recommended limits for con-
sumption by humans.

{10) Total phosphate ' Not to exceed an average of 0,05 mg/l1
: as P during any monthly sampling period.
(11) Ammonia Not to exceed an average of 0.5 mg/]
as N during any monthly sampling
period. '

(12) Phenols Shall not exceed 0,001 mg/l at any time.
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7. GENERAL DISCUSSION OF AVAILABLE DATA

A. Compariscn of NER and Other Data , Connecticut River

In the progress of this study NER has reviewed a number of sources of
water quality data which were available from public and private agencies (see
Appendix 5). Anv comparison of these data, however, must be qualified by
the particular differences in time and place of collection of water samples
which vary from study to study. Tables 1 and 2, for example, show values
for parameters analyzed by NER and the 1\/.‘.DC1 using water samples collected
from the Connecticut River during freshet flow, Water samples analyzed by
the MDC were collected about 6 miles upsiream from where samples were col-
lected for analysis by NER, and were usually taken on different days and at
different times of the day. The discrepancies noted in these data cannot there- -
fore - easily be attributed to any particular cause, and most likely reflect a com-
plex set of factors. Similarly, no specific agreement of values can be used as
definite proof of wvalidity of these numbers,.

Comparisons of all these data, however, are extremely useful in the defini-
tion of general water quality trends and patterns. They are necessary for setting
individual data in perspective. Indeed, such comparisons can very well serve
to define future research needs. TFor example, included in the report of water
guality analyses which is abstracted into Tables 1 and 2 was the report of a

1. Data provided by Leslie Campbell of the Quabbin Laboratory, MBDC,
November 4, 1971,
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Table 21. Comparisons of Results of Water Analyses
of Connecticut River -~ NER and MDC
(April, 1971)

NER MDC MDC MDC MDC NER MDC

Apr 12 HApr 14 | Apr 15 | Apr 21 | Apr 22 [lApr 28 || Apr 28
Dissolved 12.5 || 12.8 [ 13.7 | 12.8 | 12.6 | 13.4 || 13.0
Oxvygen
Turbidity 6 16 15 12 18 2 6
Color 20 35 28 28 28 20 25
Hardness 22.8 30 32 30 X 28.9 28
pH 6.8 7.2 7.4 7.2 7.2 7.1 7.1
Iron 0.4 i.1 1.0 0.7 X 0.1 0.1
Manganese 0.04 |l X 0.00 0.00 X 0.00 X
Orthophosphorus 0.01 X 0.10 X 0.15 || 0.00 X
Nitrate Nitrogen 0.24 0.38 X 0,06 X 1,9 0.20
Nitrite Nitrogen 0.006 || 0.005 X X 0.002 | 0.003 X
NH3 Nitrogen 0.58 ,{.X 0.12 X 0.17 0.32 X
Specific 101 X 106 102 95 81 102
Conductance
Fecal Coliforms 300 300 | 410 520 600 X 450
per 100 ml.
Total Coliforms 500 340 | 2900 | 2200 { 3000 X 5000
per 100 ml.
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Table 22. Comparisons of Results of Water Analyses
of Connecticut River = NER and MDC
{(May, 1971)

T NER MDC | MDC | MDC | MDC || NER || MDG
May 12| May 12| May 13| May 18| May 19||May 26 || May 26

giﬁfed 12,1 X 11.6 | 10.5 X 9.7 9.4
Turbidity 3 5.5 X 5.0 6.0 2 4.2
Color 20 26 26 25 23 25 25
Hardness 29.7 X 32 ¥ 34 25.6 32
pH 6.9 7.2 7.1 7.1 7.1 6.9 7.2
Iron 0.00{| 0.03 X X 0.05 || 0.00 || 0.25
Manganese 0.01 0.00 X 0.00 X 0.00 X
Orthophosphorus 0.01|] o0.02 X X 0.07 || 0.01 X
Nitrate Nitrogen 0,14 0.38 X X 0.30 0.18 X
Nitrite Nitrogen 0.00 X 0.10 X X 0.002 X
NH4 Nitrogen 0.50 X 0.58 X 0.50 1.18 X
z‘;i‘;ijgance 71 77 77 93 X 84 X
I;zfallogoriilff’ms 750 || 1600 | 1000 | 1300 | 4000 0 3000
Ezl'falwcooiﬁ?rms 12000 || 5500 | 6400 | 8000 |15000 44 4400
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small-scale laboratory study conducted by the MDC. This study indicated
that over a 50% drop in turbidity in 24 hours was observed in undisturbed
Connecticut River waters. Differences in turbidity readings indicated in
Tables 21 and 22 may therefore be partly or wholly explained by a settling out
of some turbidities between the two sampling sites used for the collection of
these data. Thus differences in turbidity data underscore the importance of
conducting future settling studies in these waters, especially in the upper pool
of the Northfield Mountain project.

in an effort then to define general water quality trends and patterns more
completely, to place individual data in a more general perspective, and fin-
ally to inquire into possible reasons for discrepancies in accumulated data,
comparisons of selectéd physical, biological and chemical data ére presented
below,., These comparisons deal gpecifically with values from Connecticut
River waters during freshet flow, even though all values which have been avail-

able for the Connecticut River and other systems studied, have been examined,

(1) Turbidity

Table 23 compares turbidity values (J.T.U.) obtained by NER, the
Massachusetis Department of Public Health, the MDC and Webster-Martin,
Inc. (see Appendix 5 for specific references). The Webster-Martin (W-M)
values are 24~hour averages of readings taken above Vernon Dam.

It is evident that differences in instruments and station locations may
account for major discrepancies in these data. When these differences
are taken into account, there is a remarkable similarity between the analy-

ses conducted by the various agencies. However, it would be a mistake
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Table 23. Comparison of Turbidity Values for Connecticut River
Water from Various Sources for April and May 1971
Organization Station Method April 1971 May 1971
NER R-1 Spec. 20 26, 16 22, 16
NER R-1 Hach 6, 2 3, 2
DPH Rt. 10 4.4, 6.8, 4.2, 8.6,
Bridge N,A 3.4 6.8, 1.6
MDC Rt. 10 Hach 16, 15, 22, 18,
(Quabbin Lab) Bridge 12, 18, 5.5, 5.0,
6.0, 5.5 6.0, 4.2,
3.8
MDC Rt. 10 0.0, 6.0,
(Construction Bridge Hach 2.0
Division)
% *
Webster— No., 7 Honeywell 5-10 6=-20
Martin w-20

*Daily averages over part of month; monitor inoperative for remainder of

month.
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to assert that this general pattern of turbidity which was observed in 1971
is representative of patterns observed in other years. Turbidities apprcach-
ing and even exceeding 100 J.T.U. have been periodically cbserved in Con-
necticut River waters (D.P.H. data, 1970; Webster-Martin, 1971). On the
basis of all data considered to date, which have varied from hourly to
monthly readings, it is most reasonable to presume that during freshet flow
the turbidity in Connecticut River waters in the wvicinity of the Northfield
pumped storage intake is a variable multiple of the maximum turbidities ob-
served in Quabbin Reservoir during the same period., The possibility that
waters shall be diverted which have turbidities approaching or exceeding
100 J.T.U, does exist; however, the probability of this occurrence appears
low on the basis of the most current data. A frequency analysis of given

turbidity ranges would support this conclusion.

Iron
Total iron values obtained from the Webster-Martin Study indicate a
yvearly range in 1970 of 0.1 to 3.4 ppm in Connecticut River waters about
15 miles north of the pumped storage intake. Data obtained from the De-
partment of Public Health from samples collected about 8 miles downstream
from where the Webster-Martin values were obtained indicate a range of
values in April and May of 1970 of 0.19 to 0.42 ppm., In 1971, the April
and May values obtained by the D.P,.H. from these same stations ranged

from 0.24 to 0.9 ppm. The MDC also collected samples from the same
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location as the D.P.H, in 1971 and obtained values in April and May
which ranged from 0.03 to 1.1 ppm. NER values obtained in the same
period, but from samples collected several miles downstream from the

MDC and D,P,H, sites ranged from 0.00 to 0.4 ppm.

Chemical Oxygen Demand

COD values from the Conneéticut River below Northfield were retrieved
from the STORET System (retrieval date 71/03/09) for the yvears 1962 io
1968. April values throughout this period ranged from 12-66 ppm, with an
average of 24,7 ppm., May values throughout this period ranged from 13-
59 ppm, with an average of 22.2 ppm. NER values for COD in waters
collected in April and May of 1971 from the pumped storage intake area

varied very little from about 15 ppm,

Nitrate Nitrogen

Values of nitrate nitrogen reported by Webster-Martin for the period
June 1369 to May 1970 ranged from 0,08 to 0.39 ppm, with a mean value
of 0.14 ppm. Approximately the same range of values was reported by the
MDC for April and May, 1971. Values reported by the D,P,H, for April
and May 1971 from samples collected from the same general area as the
MDC samples were somewhat higher, ranging from 0.37 to 0.56 ppm. The

lowest reading recorded by NER in the period April-May 1971 was 0.14 ppm
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and the highest was 1.9 ppm. The average value of data obtained by

WER in this period was 0,64 ppm.

Ammoniacal Nitrogen

Values reported by the MDC for April and May 1971 ranged from 0,11
to 0.58 ppm, The D,P,H, reported values, for samples collected in the
same time period and area as the MDC samples, which ranged from 0,012
to 0.110 ppm. NER values for April and May 1971 ranged from 0.32 to 1.18

ppm, the average value being 0.65 ppm.

Orthophosphorus

Values of orthophasphorus reported by Webster—-Martin for the period
June 1969 to May 1970 ranged from 0.00 to 0,15 ppm, with a median
value of 0.04 ppm. The MDC reported values for April and May 1971
which ranged from 0.02 to 0,15 ppm, NER values for April and May 1971

ranged from 0,00 to 0,01 ppm,

Total Coliform Bacteria

The D,P,H, reported that April~-May (1971) concentrations of total
coliform bacteria in waters about 6 miles upstream from the pumped stor-
age intake ranged from 2.8 to 3.9 log units/100 ml, with an average

concentration of 3,3 log units/100 ml, MDC values obtained from the
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same area and in the same time period ranged from 2.5 to 4.2 log units/
100 ml, with an average concgntration of 3.7 log units/100 ml. NER
values for April and May, but obtained from samples collected in the
immediate area of the pumped storage intake, ranged from 1.6 to 4.1 log

units/100 ml, with an average of 3.6 log units/100 ml.

{8 Radioactivity

The Lawrence Experiment Station has been testing Connecticut River

water as part of the cooperative efforts of the Tri~State Commission for

226 90

some time and has detected neither Ra nor ““8r in the water. Also

surface waters, including reservoirs, from all over Massachusetts have
; : 226 90

been tested in the spring and fall, and ne presence of Ra or = Sr

has been detected. On the other hand, some of the STORET data (retrie-

val date 69/06/27) for the 1960s show Connecticut River water with total

beta activity in excess of 10 P}lc/liter. This is not true for the more

recent data.

(9) Summary Statement

The above comparisons of water qualiiy data obtained from Connecti~
cut River waters indicate that both small, probably unimportant, and large,
probably important, differoences between accumulated data do exist. The
magnitude of such differences can be useful in setting i'ndividual data
into perspective; however, they cannot be resolved until a coordinated
monitoring program is implemented, and the present differences in time and

place of water sampling are eliminated.
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B. Discusgsion of Data

Data collected by NER from December 1970 through September 1971, as
well as that generated by other public and private agencies and reviewed by
NER, reinforce the idea that the various groupings of stations emphasized in
this and earlier progress reports (May, August 1971) reflect a range of "pro-

ductivity potential” which may be pictured, from the lowest to the highest, as

follows:

Relatively Lowest Relatively Highest

Productivity Potential Productivity Potential

— > |
Quabbin {outside) Quabbin (inside)

Wachusgett Northern Tributaries
Ware River

Connecticut River
Millers River

As in our earlier reports, productivity is understood to mean biological pro-
ductivity as reflecting a eutrophication process. Because riverine systems can-
not be directly compared with lacusirine systems due to the more pronounced
hydrological impact on biologicai procésses in rivers than in reservoirs, the
term "potential® implies a é_ompari-son of reservolr and riverine waters under
similar quiesent conditions.

The heterotrophic bacteria are essential to nutrient recycling in lakes,
and therefore to the productivity of other aquatic biota, Their presence in
concentrations of up to 2 orders of magnitude higher in the Millers and Con—r

necticut Rivers than in the other systems studied can be used as evidence of
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a higher concentration of bacterial nutrients in these rivers than in the other
systems. Such bacterial nutrients in turn reflect not only man-made inputs
into these rivers, but also the non-living organic matter found in the same
waters.

While the kinds of phytoplankton observed in all systems were similar,
Millers and Connecticut River waters generally showed the most abrupt sea-
sonal changes. This was particularly true with respect to the summer in-
crease in green algae which included many forms usually considered indicative
of "nutrient rich" waters, Species of green algae observed in the reservoir, on
the other hand, are usually considered indicative of "nutrient poor" waters,

Concentrations of rotifers and crustaceans were generally lower in rivers
as compared with reservoirs. This may reflect a constant flushing away of
riverine organisms, thus resulting in a smaller standing crop than in the case
of reservoirs. The relatively higher proportion of rotifers in the Connecticut
River over the reservoirs is characteristic of the riverine environment, This
was also seen at Orange and the Fast Branch of the Tully where the relative
impoundment-like situations reflected fewer rotifers in relation to crustacea.
Both rotifers and crustaceans are microphagous, tending to feed on particulate
mafter. Many differences in species and numbers are no doubt related to numbers
and sizes of particles available for feeding. Such correlations cannot be made
at this time.

Perhaps the most marked differences in benthi¢ organisms were seen along

the Millers River. The relatively large numbers of total organisms, especially
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worms and the fewer numbers of apecies are characteristic of polluted water.
Of interest is the recovery of more diversity of species downstream at Sta-
tion R-10 (Farley); this paralleled the general improvement in water quality.
In general, greater numbers of species are expected at rivers because of
more potential diversity in habitats. The relatively smaller number for the
Connecticut River may reflect the limited number of habitats that were sam-
pled. The reservoirs had a bottom fauna that were typical both in numbers
and kinds of organisms for the lacustrine environment. Seasonal variations
in benthic organisms for all stations are influenced by both emergent fly
propulations and poséible geagonal migrations {e.g. isopoda in reservoirs).
These are complex patterns and not understood at present,

Essential to bioclogical productivity, of course, is carbon. One measure
of available carbon is the alkalinity of water, The highest alkalinities were
observed in the Connecticut River; the Millers River showed the second high-
est alkalinities. Reservoirs showed the lowest alkalinities.

Chemical oxygen demand is a non-specific measure of the organic and
inorganic load in waters which can be oxidized. Again, the pattern of pro-
ductivity described above was observed in terms of this parameter.

Phosphorus and nitrogen are also essential to bio-productivity in water,
and occur in a variety of forms. While concentrations of these elements were
not dramatically higher in riverine than in reservoir systems, definite, higher
concentrations were observed in the rivers. This was also true for sodium and

potassium, two elements which are also required by living things.
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The general classification of the waters studied from "low" to “high"
potential productivity, is also useful in defining the range of potential
public health hazards associated with these waters as a direct result of fecal
contamination. However, a number of gpecific public health parameters do not
follow this same pattern. The presence of mercury at all sampling sites, for
example, suggests that it might be reasonable to assume that mercury is a
component of all waters in this region. The Massachusetts Division of Fish-
eries and Game report mercury levels in fish taken from Quabbin Reservoir
which are comparable with levels found in fish in the Connecticut River {(1971).

Similarly, because no 226Ra or 908r has been detected in a recent state
survey of surface waters, radioactivity dees not now appear to be a basis for
comparing these different systems with respect to a public health hazard.

The public health officials, however, must be concerned with those factors
that can interfere with the treatment of waters even if the factors are not
direct threats to human health, Turbidity and color, for example, can interfere
with the effective chlorination of waters, These and other factors to be con-
sidered in the possible treatment of waters will be discussed in the following
impact sections.

In general, the waters of the two potential donor systems are of poorer
quality than those of the two receiver systems. More specifically, some
constituents of the Connecticut River (e.g. ammonia nitrogen) at certain times,

exceeded the recommended standards of the U, S. Public Health Service
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{USPHS, 1962) or the permissible criteria of FWPCA (1968) for drinking water,
The rationale for even considering such waters as potential sources of
drinking water rests with both the treatment plant capacity of a reservoir

(see Section I} and the total judgements on public health hazards. This issue

is discussed in detail in later sections.
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8. IMPACTS OF PROPOSED DIVERSIONS

Impact Statements and Public Policy

Every piece of legislation undergoes a process of maturation whereby its
aims, intent, and procedures become more precisely defined. Public Law 91-
190, otherwise known as the National! Environmental Policy Act of 1969 (NEP
Act), is no exception. Executive, legislative, judicial, and public review of
this major legislation continues at an ever quickening pace. The results have
often been dramatic. Most recently, the U.S8. Court of Appeals for the District
of Columbia {102 Monitor, September 1971} held that the U.S. Atomic Energy
Commission must undertake a major revision of its rules governing considera-
tion of environmental issues required under the NEP Act. Three monthg earlier
the Council on Environmental Quality (102 Monitor, May 1971) issued revised
guidelines to federal agencies on how to handle environmental impact statements
in light of additional legislation as well as initial judicial decisions in cases
involving Section 102 (2} (C) of the NEP Act. These revised guidelines include
a directive to federal agencies "to maximize public information about environ-
mentally significant programs so that the public's views can be considered",
(Council on Environmental Quality, 1971).

Out of these and numerous other instances of review of the NEP Act have
emerged certain clarifications which are essential to the environmental study
here under consideration. Two clarifications are particularly important:

(1) Protection of the environment is not the exclusive goal of the NEP Act,

The NEP Act is to ensure that environmental costs and benefits assume
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a proper place along with other considerations in the decision-making

process,
(2) Research on the environmental impact of projects is not to be used to

justify decisions already made, but rather, the decisions are themselves

to be influenced by research.

The fact that these clarifications have had to be made is ample proof of
another fact; that the purposes of Public Law 91-180, as stated within the
legislation itself, have been largely misinterpreted,.

There are four stated purposes in Public Law 91-190. They are:

(1) to declaré & national policy which will encourage productive and enjovable
harmony between man and his environment,

(2) to promote efforts which will prevent or eliminate damage to the environ-
ment and biosphere, and stimulate the health and welfare of man,

(3) to enrich the understanding of the ecoleogical systems and natural resources
important to the Nation,

(4) to establish a Council on Environmental Quality .

What recent national experience with the NEP Act has forcefully established,

then, is that the NEP Act is to be used to achieve not simply a harmony be-

tween man and his environment, but a harmony based upon man's understanding

cof his environment.

It is certainly not presumed by the NEP Act that we do understand ecolo-
gical systems, and that we therefore have the requisite knowledge to justify

decigions affecting the environment. The presumption is to the contrary.
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President Nixon himself, in hig Message to the Congress which accompanied
the First Annual Report of the Council on Environmental Quality (August 1970)
recognized the deficiencies of present knowledge: "“Existing systems for
measuring and monitoring environmental quality are still inadequate. There
also is a great deal vet to be learned about the significance of these facts
for the human condition.” In short, no impact study is an adequate impact
study, under the NEP Act guidelines, which addresses itself to any question
other than "what will happen, in light of the scientific understanding and
facts that we now have, should a certain activity be undertaken®,

The task of any impact study is therefore doubly difficult. It is not
enough to present scientific facts. The scientific context and meaning of
those facts must also be presented, and presented in such a way as to satisfy.
the sometimes conflicting requirements of both the scientific and non-scientific
communities,

The number of disciplines involved and the amount of raw data {approxdi-
mately 2,500 pages of raw data) generated by the present study, together with
the limitations of time and space, certainly preclude any exhaustive develop-
ment of all the scientific qualifications involved in any understanding of the
significance or meaning of each parameter or groups of parameters. However,
certain of these parameters are of guch contemporary concern and/or scientific
complexity that particular attention must be given to an explanation of the
present "state of the art" of ecological knowledge in which they play their
part. Topics selected for this more extensive treatment are: (1)} viruses,

(2) pesticides, (3) mercury, (4) radioactivity, and (5) bacteria.
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Viruses

In the last decade considerable advances have been made in the
study of viruses in the water resource. Yet it is still common to note
the preface, "Uncertainties still exist concerning the virus hazard, . ."
in current research efforts. As the accelerating need for water continues,
the environmental engineer is still plagued by several basic problems in
evaluating the hazard of viral transmission in water resources,

Thisfsection will review briefly the current status of the public health

hazards associated with viruses in the water resource,

What virl;ses capable of infecting man may be spread. through water?
First.,: some of the basic properties of viruses II’llJ:.;‘.-‘:t be understood.
Viruses are a molecular complex consisting of a nucleic acid core and a
protein coat surrounding the core. The viruses are usually spherical,
having diameters ranging from 10 to 100 millimicrons. Viruses are gener-
ally resistant to a low pH of 3.0 and lipid solvents such as ether. In
a water environment, viruses probably exist as aggregates of varying num-
bers and may be embedded within organic debris or may adhere to various
particles. Most important is the fact that viruses must have a living host
or cell in which to multiply., Consequently, viruses infectious to man
would probably not multiply in the water environment.
About 100 different viruses may be isolated from human feces, These

may be grouped into the enteric viruses, including the polioviruses,
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Coxsackieviruses, and echoviruses; the virus{es) of infectious hepatitis
IH; the adenoviruses: and the rheoviruses, As yet, the wviral agent(s)
of IH has not been isolated.

In addition to the above, the viruses of non-human animal origin must
also be considered as a potential source of infection to man, since it is
possible for them to find their way into water supply systems.

According to Mosely (1965) of the Public Health Service National
Communicable Disease Center:

Any virus excreted in the feces and capable of
producing infection when ingested should theoreti~
cally be transmissible in drinking water. Water~
borne transmission has accordingly been suspected
for enteric virus thought to be transferred from
person-to-person by the fecal-oral route. We now
know, however, that some viruses transmitted by
the respiratory route are also excreted in the stool
in quantities detectable by tissue culture techniques,
The agent of rubella is a recently demonstrated ex-
ample (Green, et al,, 1965). Past experience has
indicated that the circumstances under which con-
taminated water may be used for drinking are almost
as numerous as the ways in which drinking water
may become contaminated, It is conceivable, there-
fore, that at some time almost any virus can be trans-
mitted through water.

It must also be assumed that diseases listed as "viral gastroenteritis"
can be transmitted via the water route, even though attempts to isolate
the causative agents have failed. Typical of many reports is one accord-
ing to Jacobson (1970} in which a small village near Buffalo, N.Y. suffered
a wide-spread outbreak of gasiroenteritis, The water source for the affect-

ed area came from Lake Erie and was processed by a water treatment plant
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utilizing rapid sand filtration and sedimentation. "Specimens from multiple
sources in the water supply and stools from ill subjects were all negative
in bacterlologic, wvirologic and chemical analysis® according to the report,
vet the "characteristics and distribution of this illness, as well as its
relationship to the water treatment plant and its distribution lines, clearly
pointed out the waterborne nature of this outbreak".

The capability of the infectious hepatitis virus{es) to infect man through
drinking water is well documented. Therefore, it may be concluded that
IH, and the enteric viruses and possibly the causative agents of viral gas-
troenteritis may all be transmitted by drinking water.

Compared to more direct means of contracting viral disease, the water
route is generally agreed to present a far lower hazard in terms of reported
cases. Yet according to Berg (1967}, the amount of virus that can infect
man is often equal to or smaller than the amount of virus that can infect
susceptible cell culture systems. Thus any amount of virus detectable in
water is likely to be sufficient to infect susceptible individuals.

In this country, where adequate disinfection practices are in general
usage, the documented waterborne outbreaks of infectious hepatitis are
very small in number, yet epidemiological studies are often hindered since
many sub-clinical cases can go unreported. It is pertinent to note here
that the great outbreak in New Delhi in 1955-1956 resulted from a water

supply which met acceptable coliform standards.
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How are water gupplies monitored for viruges?

The literature shows clearly that routine monitoring of water for virus
is difficult and costly, and for the near future, at least, is an impossible
task for the average water laboratory. Analysis requires the concentration
of often large quantities of water (100 liters or more at timeg) and subse-
quent extraction or elution of the viruses onto tissue cultures at appropriate
dilutions. Examination of the cultures for evidence of cell abnormalities
shows the presence of virus and the specific titer may be thereby deter—
mined.

In the past, most monitoring involved the "swatch test"”, in which a
gauze pad was left suspended in a water source for a period of time and
the viruses would be later eluted from it for analysis., Although the pre~ .
sence or absence of virus in the water can be ascertained by this method,
it does not give any quantitative information and its sensitivity is open
to question,

More recent work has been done with a variety of materials by which
the water sample may be concentrated. Polyelectrolytes, coagulants,
cellulose-acetate (Millipore) filters, etc. are some of those now being
evaluated. It is to be hoped that these more promiging techniques will
add greatly to owur understanding of the concentrations of viruses in the
natural environment.

The use of coliform numbers as an indication of virus in water would

be ideal. Yet the New Delhi outbreak of infectious hepatitis clearly
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shows 'i:;his to be an invalid practice. The relativegnumbers of coliform
bacteria to viruse.s may vary greatly in polluted water. Clarke, et al,
(1964) calculated the average virus density in domestic sewage to be
about 500 virus units per 100 ml, and in polluted s.urface water not more
than one virus unit per 100 mi. Coliform densities in domestic sewage

6 per 100 ml, and in polluted surface waters they average

average 46 x 10
between J.D4 to 10° per 100 ml. Thus, these authors agreed upon a
coliform-virus ratio in sewage to be approximately 92,000:1 and in polluted
surface waters, about 50,000:1. Apparently then, because the coliform
numbers are much higher than viruses, the coliform numbers would be a
better indication of the presence of viruses in non-polluted waters than
actual virus analysis hould similar ratios hold for non-polluted waters).
However, several factors rule out the effectiveness of the coliform
numbers;_as an indication of the presence of virus. -.'First, new techniques
of virus detection may well show higher numbers to be present in water
than has been heretofore believed, thereby developing a situation similar
to that of the much discussed mercury pollution. Then too, the relative
survival rates of bacteria to viruses may vary greatly from virus to virus
and even in different qualif:ies of water. Add to this the New Delhi inci-
dent and one may reject completely the use of coliform numbers as quanti-
tative 01: qualitative indicators for the presence of vi;‘uses in water. Al-
though a positive coliform index must indicate the possibility of viruses to

be present in water, a negative coliform index may not indicate the absence
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of viruses (Committee on Environmental Quality Management, 1969). In
this respect, a better assurance of the absence of viruses in water may
be given by low turbidities and good chlorination as will be discussed
later, Otherwise, positive tests for the presence of viruses in water
must ultimately depend upon actual testing for viruses directly,

What is the effectiveness of sewage treatment processes in the elimination
of viruses?

Research in this area is generally inadequate in presenting absolute
values for virus removal by each process. Chiefly, this is due to the
inadequacy of different laboratories in using similar or comparable tech-
niques and standards for virus analysis and evaluation. Then too, since
most research in this field involves the addition of one or a few laboratory-
prepared viruses to a treatment influent and then analysis of the effluent |
for the virus, objections may be taken as to the validity of the assump-
tions made in these tests. It may be more realistic' (although very costly
and considerably time-consuming)} to test the treatment process for the
elimination of those viruses occurring naturally in the wastewater.

The efficiencies of virus removal for the various treatment techniques
are listed below:

(a) Primary treatment - This process removes very little of the viruses
present in sewage. According to Berg (1971), only 0-3% of poliovirus
type I added to the raw sewage, was removed after a three-hour set-~

tling period, although greater than 50% solids had been removed.
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Greater retention times can remove more of the virus, however, but
removals of better than 70% are impractical and not consistent.

(b) Activated Sludge - A variety of reports show inconsistent removals
of virus up to 90% (Sproul, et al., 1967). Yet it must be noted
that the viruses are not killed by this process and others which in-
volve actually separating them from the wastewater, The ultimate
disposal of the viruses must also be considered,

(c} Trickling Filtration - Although some removals may occur with this
process (reported up to 40%), it is very inconsistent (Sproul, et al,).

(d) Oxidation Ponds - Removals up to 90% may occur with this process
(Sproul, et al.). However, several factors such as short-circuiting
may decrease virus removal. In addition, since the actual relative
survival times of the many viruses are not known under differing en-
vironmental conditions or even standard conditions, this process de-
serves more research for a definite statement.

() Adsorbents - A variety of materials such as activated carbon, bentonite,
polyelectrolytes, clay particles, ion exchange resins, etc. may adsorb
viruses to their surfaces, thereby removing them from water. The
virus-adsorbent bindings show varying degrees of strength and some
allow a final elution of the viruses from the adsorbent. These pro-
cesses may vary in their effectiveness with the concentration of many
different solutes and with differing turbidities. Generally, their maxi~

mum effectiveness is only reached afier parallel treatment operations.
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Filters - A filter must obviously have a pore size of less than 10 mp
in order to eliminate viruses from water, Such filters are very costly
and can operate usually only undér highly controlled conditions.
Coagulants ~ Viruses may be precipitated by the use of additives such
as Al(OH)a, phosphates, and lime, and removals may attain 90% or
better (Liu, 1971). Yet again, this process reaches maximum efficiency
only with controlled conditions and with other, parallel treatment.
Disinfectants - Free chlorine, hypochlorite, bromine and ozone may all
be used to destroy waterborne viruses. The relative rates of inactiva-
tion of the different viruses by free chlorine is currently being examined
by Liu (1970) and others. In general, for 99.99% devitalization by

0.5 mg/]l of free chlorine, survival times vary greatly from several min—
utes to 36.5 minutes for poliovirus type 2, The Committee on Environ-
mental Quality Management (1969) believes that a high level of pro-
tection is afforded by chlorination of secondary treatment effluent to

a level producing an amperometric chlorine residual of +5 mg/1 after

30 minutes of contact.

Other Processes -~ Chemical reactions, ultraviolet light, temperature,

and other natural and employed processes within the water environment
may all affect the survival of viruses. Water samples containing vi-
ruses may be stored for several weeks to months and retain their in-
fectious properties. It is in this basic area that work must be contin-

uved to fully understand the ecology of waterborne viruses.
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It may be concluded that although data are still incomplete, virus
elimination up to 99.99% removal may be attained by using the best
treatment processes available, followed by good free residual chlorination.
It is to be noted that even the best of the conventional ireatment prac-
tices may produce an effluent which may still contain infectious vimse_s.
The discussion of Shuval (1967} of the possible significance of low con-
centrations of viruses is pertinent:

The findings of Dr. Lund, confirmed by the research

in South Africa, that sewage treatment plants reduced
the viral content of sewage by 1, or possibly 2, logs
added to the estimate of Dr. Coin that one infectiousg
dose of virus was present in 250 liters of Paris drink-
ing water, provoke speculation, If the viral concen-
tration in a sewage is 10 TCID5p/ml, and this amount
is reduced by as much as 2 logs in a sewage treat-
ment plant, another 3 logs by dilution in a river, and
2 or 3 more logs in a water treatment plant, a total

of 7 or 8 log reductions in viral conceniration results.
This leaves a water containing perhaps 1 TCID

{tissue culture infectious dose) of virus per 1088 liters,
I suggest that this is not an unimportant amount, It
1s true that one person does not drink 1000 or even 250
liters of water per day, but one in 250, or one in 1000
or even one in 10,000 persons ingests 1 TCIDSU of
virus daily, and 1 TCIDgy is an infectious dose for
man, as Dr. Plotkin suggested, even after the viral
concentration has been reduced 99,9999%, we have a
level of ingestion of virus that could be responsible
for a proportion of the endemic viral diseases in com-
munities consuming highly treated waters.

What is the fate of viruses in natural water svstems?

Although many studieg have heen conducted on the determination of
viruses in sewage and water under a variety of chemical and hydraulic

conditions, very few atiempts have been made to study the effect of
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drainage systems, lakes and streams, infiltration systems and the like,

upon the reduction of viruses.

1.

Streams and Lakes - McLean, Brown and Lagk (1966) conducted a

number of experiments which showed the following:

(a) "Movement of water in creeks induces rapid dilution and there-
by disperses virus infectivity, but virus concentration in stag-
nant lake water remains relatively unchanged for considerable
periods."

(b} Although streams may rapidly disperse the virus content, “con-
tinuous addition of virus over a prolonged period, for example,
infectious hepatitis virus in unchlorinated sewage effluent, into
a slowly moving river increased the hazard of infection to such
an extent that six of nineteen subjects at Bathurst, Australia
(Wallace, 1958) contracted infectious hepatitis after drinking
river water contaminated by sewage. Similarly, slowing of
water movement to stagnation point in the upper Illinois River

~near Chicago, permitted the accumulation of enteroviruses both
upstream and downstream from sewer outfall (Lamb, et al,, 1964),¢

Overland Plow - According to Liu (1971), "this system doeé not in-

clude any obvious step which can safeguard a high order of viral

elimination®, The system is difficult to assess since many proéesses
and variables are involved, such as aging, adsorption onto clay par-
ticles, and a variety of other environmental conditions. Although

some types of clay may adsorb viruses, others may not. It is
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known that sand or soil columns may freely permit the passage of
poliovirus type 3, (McLean, et al., 1966).

3. Infiltration Basins and Spray Irrigation -~ Again the types of soil in-
volved may offer varying degrees of viral adsorption capabilities. Liu
suggests that intermittant rates of filtration may be beneficial to the
retention of virus, but again, the system does not provide any assured
removal of virus.

It must be assumed that the recreational use of any of these systems
could potentially involve hazards. However, the Santee, California project
is a well-known example of what can be done in the way of removing

viruses to provide recreational resources using treated water (Culp, 1971},

© Summary

It is essential to understand that while there is much confusion among
scientists about the public health hazards to be associated with surface
waters, practical experience with public water supplies suggests that much

of the concern expressed over the dangers of viral agents in water supplies

. is academic. For example, the Massachusetts Department of Public Health

has carefully monitored the public health effects of the consumption of water
taken from the Merrdmack River by the cities of Lawrence and Lowell, No
detriment to public health has ever been noted as a result of this consum-

tion, even though we must assume, on Scientific grounds discussed abave,
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that viral agents are present in the Merrimack River, It is, therefore, a
mistake fto presume that scientific concerns are always real concerns.

It would also be a mistake to disregard completely such concerns,

Pesticides

(a) Basic Considerations

There are many classes of pesticides, including those intended
to kill or control plants, invertebrate animals, and vertebrate animals,
The types that concern us most are herbicides and insecticides. These
chemicals are used in large quantities, they are spread over large
areas, and hence they may come eventually in direct contact with sur-
face waters, The FPederal Insecticide, Fungicide, and Rodenticide Act
provides for their registiration and use.

Herbicides are used to control plant, weed and algal growths in
both the terrestrial and aquatic environments. A variety of both organic
and inorganic herbicides are used. Herbicides used in the aquatic en-
vironment include such organic chemicals as 2,4-D. Others may enter
surface waters through run-off. Persistence in the environment may be
as long as several months. One convenient classification of ingecti-
cides is based on persistence in the environment. Some organochlorine
insecticides, of which DDT is perhaps the best known, persist for a
long time (years). Others, like the organophosphorus compounds are

chemically more labhile and undergo rapid breakdown in the environment.
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Of major concern, then, are such considerations as persistence,
general concentrations in the environment, and toxicity. An under-
standing of these points is necessary before estimates of any public
health hazards or environmental impacts can be made.

So important is the question of harmful effects of pesticides, that

a special report on the Ecological Effects of Pesticides on Non-~Target

Species was prepared through the President's Office of Science and
Technology (Pimentel, 1971). Another recent publication entitled Report

of the Secretary's Commigsion on Pesiicides and their Relationship to

Environmental Health (so-called Mrak Report, 1969) is an exhaustive

inguiry into this whole area, and the reader cannot escape the gene;-al
message. Pesticides are potentially dangerous chemicals.

There is no question that some pesticides are globally distributed
by the atmosgphere, .Both DDT and dieldrin are found in dusf and rain
water. The atmosphere is probably the principal source of contamina-
tion for many areas. Average concentrations of pesticides in rain
water (0.1 to 0.4 ppb) is equivalent to and often higher higher than
those found in river waters. Reviews of the evidence on atmospheric
contamination include Frost (1969) and Wurster (1971}, Therefore, the
presence of pesticides in surface waters need not reflect their use in
the immediate vicinity,

In addition, pesticides may be found in the tissues of both plants

and animals, Persistent insecticides have very long hali-lives in the
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environment; it takes a very long time for 50% of the chemical to
disappear. Compounds such as DDT also have long half-lives in
the human body. Thus, a compound which disappears slowlY from
the environment or the body is subject to accumulation when the in-
put exceeds the losses,

Another important consideration with persistent pesticides is the
tendency for the compounds to be concentrated by successive steps
in the food chain (National Academy of Sciences, 1970). Progressive
stages of the food chain (plankton, herbivores, primary carnivores,
etc.) concentraie the pesticide chemicals. Several log units greater
concentration in tissues above ambient concentrations in water are
achieved. Hard pesticides are extremely insoluble in water, and tend
to disappear from water due to evaporation into the atmosphere, precipi-
tation to the bottom sediments, or uptake by animals and plants. A good
demonstration of these characteristics can be seen in an experiment
in Ohio, where a marsh was sprayed with radicactive DDT (Peterle,
1969). The highest levels in surface waters were found one hour
after application, and dropped below detectable levels in two weeks,
Concentrations in the mud remained constant for over a year, and
rooted plants showed a slight rise in concentrations of DDT two years
later. Maximum concentration in one type of alga occurred one week

after application; the algal concentration of DDT was 3000 times the
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initial concentration in the water., Thus, whereas concentrations of
hard pesticides in surface waters rarely exceed 1 ppb, levels in
living tissues may be routinely in the range of 1-10 ppm.

As a general rule herbicides and insecticides are relatively non-
toxic to mammals with respect to acute effects. Oftentimes lethal
doses are several hundred mg/kg body weight (Pimentel, 1971), Con-
versely, fishes and other aquatic organisms are more sensitive, with
lethal concentrations often in the range of 1 ppb in water, Therefore,
pesticides may often present potential hazards to the ecological bal-
ance of a given ecosystem, without presenting a public health hazard

to man.

Potential Hazards to Man

In discussing human toxicology, it is essential to distinguish |
between the organophosphates and the chlorinated insecticides, and
between acute and chronic effects.

Very poor information on the toxicity of hard pesticides like DDT
to humans exists. More is known about acute effects than chronic
effects. Accidental ingestions of DDT in gram amounts are not fatal
(O'Brien, 1967), This implies that a human could ingest 1,000,000
liters (250,000 gallons) of water containing 1 ppbk of DDT without
running the risk of acute toxic effects. The toxicity data of most

hard pesticides on mammals would indicate that the potential hazards
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to man from ingestion of water supplies is virtually non-existent.
Similar conclusions can be drawn from the toxicity data on such her-
bicides as 2,4-D and 2,4,5-T.

The organophosphorus insecticides, however, present another
picture., Closely related to the so-called “nerve gases", these com-
pounds are very toxic to both mammals and lower forms., Trace amounts
can be toxic, and cases of accidental poisoning in humans are well
known. However, because of ester linkages, these compounds undergo
relatively rapid breakdown. Hence, persistence and potential accumu-
lation are not potential problems. Possible exceptions are parathion,
which degrades more slowly, and some intermediate degradation pro-
ducts which have greater longevity than their parent pesticides, and
Whose toxicity is relatively unknown (Chesters and Konrad, 1971},

The chronic effects of pesticides are relatively unknown. Long-
term exposure to various pesticides is a major concern of the Mrak
Report {1969). There are difficultlies in extrapolating from studies with
adult human males to females, children and fetuses (Wurster, 1971),
Paesticides, in common with many chemicals, can influence metabolism
(Kraybill, 1969). Such problems, however, are not unique to public
water supply igssues, They encompass a wide spectrum of public is-
gsues, and at this point in our knowledge we must be aware of the
possibility of such chronic effects in man. Human exposure to hard

pesticides comes primarily from foods, rather than drinking water.
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(¢} Ecological Effects

The ecological effects of pesticides are now widely appreciated,
even though the full impacts of some trace. amounts are not known.
The literature is full of warnings on the hazards to some species,
especially from the more persistent pesticides (American Chemical
Society, 1966; O'Brien, 13867; Wilber, 19869; Pimentel, 1971). It is
difficult to generalize because of species differences, toxicity differ-
ences among chemicals, and the potential influences of other factors.
However, some animals are affected by very small concentrations.
Experiments at Lake George showed that 100% mortality of lake salmon
fry occurred when DDT was present in the eggs at concentrations of
5 ppm (Mrak‘Report, 1969), 1In addition, there is evidence that the
biclogical magnification of DDT and dieldrin residues in food chains is
causing reproductive failure in predatory birds (éhea, 1969). Toxic
effects are not limited to animal species, since DDT in concentrations
of 1-10 ppb can also reduce photosynthesis in algae {(Wurster, 1968).
Many ecosystems may be at or near the level at which pesticide resi-
dues are damaging to the more sensitive species.

In conclusion, then, trace amounts of pesticides present mainly
potential environmental effects, rather than qulic health hazards as-
sociated with water supplies. Because of the behavior of pesticides
in the environment, potential contamination of the environment will be

reflected not only in water concentrations, but also in sediments and
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particularly in animals near the end of the food chain. Therefore, for
purposes of this report, pesticide levels in both water and fish tissues

will be discugsed in a subsequent section,

Mercury in the Environment

Recent reviews (Wallace et al., 1971; Oikos Suppl. 9, 1967; Miller
and Berg, 1969; Stahl et al., 1969) have outlined the major aspects of the
mercury-envirconmeni-man interactions, It is now clear that the industrial
uses of mercury, primarily its use as a cathode in the chlorine-sodium
hydroxide indusiry and the distribution of organomercury compounds as
antifungal agents, have increased the mercury in the environment to a level
that has produced many local hazardous situations, with deaths and pcoison-

ings, human as well as other animals, reported in several countries, As

- recently as 1969 (August), mercury poisoning of a farm family in Alamagordo,

New Mexico, brought on by eating pork that had been fed grain treated with
an organomercury fungicide, resulted in neurological disorders (Curley etal,.,
1971). The recent banning of the commercial sale of swordfish in the Unit-
ed States was a preventative measure stemming from the finding that an
appreciable fraction of recent catches contain more than the recommended
maximum permissible concentration for human foods.

Our present state of knowledge of the dyvnamics of the geo-biochemistry
of rﬁercury iz fragmented. That is, we cannot predict with any reasonable

level of assurance of being correct, what the fate will be of the mercury
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already introduced‘_‘into the environment. The rate with which mercury
pza:ssés from the natural and man-made terrestrial sources to long-term
stabill‘ir_zation in sinks is unknown. The influénce that the natural produc-
tion of dimethylmercury (and other o‘rganomercury' species) in anaerobic
environments has-on the pathways from sourgces to sinks is not clear.

Mercury may exist in nature as the metél Hgo, as inorganic mercur-
ous Hg22+ (generally unstable, but can be present in small amountg in
several possible equilibria) and mercuric salts I—Ig2+, and as organometallic
compounds., Metallic mercury and several organomercury compounds have
appreciable vapor pressures so that the atmosphere may carry significant
guantities of the substances. Wallace et al. (1971) have given what they

call 'transformation pathways', shown schematically in the diagram below.
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They state;

More information is certainly needed on the inter-
convertibility of each of these steps; nevertheless, the
overall equilibria in nature tends (sic) to proceed toward
the right, since the methylmercury and dimethylmercury
compounds are not tightly bound to subsirates, are water
soluble or volatile, and are rapidly taken up by living
organismg in which they are relatively stable.

The theme appears to be a recurrent one: our ability to measure a
potentially toxic material is greater than our understanding of the signifi-
cance of a particular level. This is complicated by the dynamics of the
various transformation pathways in the environment, as shown above for
mercury. Our interpretations of the public health and environmental as-

pects of certain levels of mercury, therefore, must be tentative. In the

meanwhile, we must rely on whatever standards we now have,
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Radigactivity

(a) Radioactivity in Natural Waters

Because of the universal presence of the tritium (31—1) atom as
a structural component of some water molecules, and the fact that
trace amounts of practically all elements are found in natural waters,
natural waters must show radioactivity, The amount of radiéactivity
of course, is the critical point. Radicactivity in water is custom-
arily reported in }Jpc/liter, and is usually specified as alpha or beta
activity, Often the exact isotopes are not identified, and it is more
important to know the quantity of alpha and beta activities being
emitted (Wilber, 1969). Gross alpha and beta activities reported in
i pc/liter therefore is the standard analysis of radicactivity in natural_
waters.

A number of elements contribute radioactivity to natural waters, -

226Ra is a disintegration

U. Because of a relatively long half-life, 226Ra is

including uranium isotopes (Hem, 1970),
product of 238
the dominant form in natural water and contrlibutes most of the alpha
activity. Beta activity may be produced by strontium isotopes, as
well as raaioactive iodine‘, cesium, phosphorus and cobalt. By
convention, when signifidant levels of gross .beta activity are de-
tected, specific analyses for radicactivity from 908r are carried out,

In summary, then, natural waters contain both alpha and beta forms

of radioactivity. When gross levels exceed a certain amount, specific
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analyses for 226Ra and 908r are carried out.

Current Standards

The FWPCA Water Quality Criteria (1968) and the USPHS

Drinking Water Standards (1962) list specific recommendations for

radioactivity levels in water. Drinking water standards set a maxi-
mum gross beta activity at 1000 ppc/liter, alpha activity from

226R4 at 3 puc/liter, and beta activity from 908r at 10 npuc/liter.
Desirable criteria are listed as <100 ppc/liter, <1 uuc/liter, and
<2 ppc/liter, respectively. Water quality criteria for freshwater
organisms are also specified. Radionuclides sheould not be present
at concentrations greater than those gpecified by the USPHS Drinking

Water Standards.

Potential Hazards to Man

There is no question about the public concern over radicactivity.
Radioactivity is invisible, it is technically difficult to understand,
and it has dramatic overtones resulting from the continual publicity
of atomic energy. Lack of agreement among scientists as to saifety
measures contributes to the sense of appreheﬁsion among the public,
and results in a general lack of confidence in scientific judgmenis.
A case in point may be seen in some of the proceedings of a con-

ference on Nuclear Power and the Environment held in Vermont

(Atomic Energy Commission, 1969).
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At this same conference the question of safety from radiation
was discussed, and it was pointed out that a man living near the
edge of a reactor would receive an additional dose of 5 mrem (milli-
roentgen-equivalent~man) per year. This is one percent of the cur-
rent maximum permissible exposure of 500 mrem/year. Normal
exposure of the population ranges from 80 to 200 mrem/vear. We
agree that this case represents a feasénable risk, as the maximum
permissible exposure is the point where there is no evidence of
any radiation damage to humans.

Turning our attention to water, concentrations of radicactive
materials must be translated in terms of exﬁosure resulting from
either ingestion or contact. One of the problems is the correlation
of radiation dose equivalence with the concentration of tritium in
water (Moghissi, 1970). At any rate, the operation of a major
nuclear facility on the Savannah River is estimated to add a tritium
concentration of 4 yuc/liter to the water which is used as dﬁnking
water in Beaufort, S. C. This corresponds to 0.8 mrem/year, or
0.5% of the average annual dose. It is also less than 0,2% of
the maximum permissible concentration,

The pathways through which radicactive materials may reach
man are very numerous (Straub, 1970). The concept that man is
surrounded by a sea of dilute radicactivity, and that his own body

is radioactive (Atomic Energy Commission, 1969) are important to
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bear in mind. However, these facts do not argue against a con-
cern for radioactivity, They merely reinforce the need for objec-
tivity and a willingness to understand the risks involved in any
project involving atomic energy. We still cannot fully predict the
public health implications, We can only state them in probabilistic

terms.

Environmental Implications

The fate of radionuclides in a stream is determined largely by
the normal chemical, physical and biological processes taking place
within the stream (Straub, 1970}, Radioactive chemicals enter into
metabolic ¢ycles and food webs just as the chemicals without radio-
nuclides. Accumulation of radioactive materials is of great concern
to biologists, because of the accumulation through the food chain
of valuable species (Warren, 1971}, Studies have shown that the
accumulation of radicactive materials in figh tissues may affect the
the life span and growth rates of fish. The accumulation in aguatic
organisms may be by three ways: (1) ingestion, (2) absorption, and
(3) adsorption to surfaces (Mackenthun, 1969}, The uptake may be
fairly rapid, as seen with the maximum uptake of radiophosphorus
by algae in 18 days. In general, the radicactivity decreases as
one progresses in the food chain, However, the amounts of some
radionuclides in tissues can still be considerably over that of the

surrounding water,
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At the same conference in Vermont mentioned above, a gquestion
{p. 117) as to absolute certainty that radicactivity will not harm
microorganisms in the environment was raised. Of course absolute
certainty cannot exist, but the answers stressed the lack of evi-
dence over many vears for changes attributable to the accumulation
of radioisotopes, In the same series of statements, the need for
continual monitoring wag alsc stressed. One important point is
worth stressing in this connection. The available evidence strongly
shows that the concentrations of radionuclides in fish and shelliish
that would limit their use as food are substantially below the con-
centrations that would injure the organisms from radiation (FWPCA,
1968). Therefore, there is no need to establish separate criteria in
water beyond those needed to limit the intake by humans. Thus
public health factors appear to outweigh environmental effects for

radionuclides in the aquatic environment.
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(5) Bacteria

The bacteria present at any time in natural waters are usually con-
sidered in three categories (Collins, 1960): (1) those washed in from
outside sources, of which a large proportion will ultimately perish, but
some will find conditions suitable for growth; (2) "indigenous" types
capable of existence in a dilute nutrient solution as represented by lake
water, and able to use for growth low concentrations of available organic
matter; and (3) those dependent on a solid surface for their proliferation
and therefore found in connection with socil particles, mud detritus and
plankton. Category (3) may be inclusive of category (2).

Methods of water bacteriology have been described in a series of
methods manuals and monographs on general and aguatic microbiology
(Fred and Waksman, 1928; Zobell, 1946; Rasumov, 1947; Frobisher, 1962;

.Vollenweider, 1969; AP ,H.A., 1971).

It is not intended here to give a full account of all bactericlogical
methods used in aquatic bacteriology. Our goals here are twofold: (1)
to give the reader an insight into how the methods of this study compare
to the "state-of-the-art", and (2) to enumerate some of the considerations

which must be evaluated in interpretation of bactericlogical data.

Methodology

The study of aguatic bacteria has taken twe main courses. One has
been the study of heterotrophic bacteria, and their enumeration and relation

to mineral cycling. The other has been the use of certain bacterial groups,
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e.g. coliform, as indicators of sanitary conditions. While the methods
of analysis for celiform enumeration and identification are fairly stan-
dardized, the methods applied to studies of total bacterial populations
are manhy and varied,

(A) Culturing Technigques

A number of early aquatic microbial studies using culturing tech-
nigues for enumeration of bacteria have been reported (Fred, Wilson
and Davenport, 1924; Snow and Fred, 1926; Graham and Young, 1934:
Henrici, 1938). These studies were mostly enumerative in nature with
only limited consideration given for the methods used. It was later
recognized that neither one single medium nor any one set of cultural
conditions would support the growth of all "naturally occurring" hetero-
trophic bacteria (Zobell, 1941; Carlucci and Pramer, 1957). Subsequent
investigations hav.e; compared various counting me thods, both viable
and direct counts.

1., Plating Methods

Carlucci and Pramer (1957) compared pour and spread plating
techniques with media of varying composition for marine bacteria.
They found the number of bacterial colonies that developed on
pour plates was greater by 30 to 40% than the number that devel-
oped on surface innoculated plates. They reported, however, that
colony counts were made more easily with a surface innoculum due

to larger, more uniform and better distributed colonies.
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Buck and Cleverdon (1960) had contrasting results to Carlucci
and Pramer (1957). Their spread plates always revealed higher
counts. The ratio of counts, spread/pour, ranged from 1.1 to
9.5, The reproducibility was equal for both methods.

Zobell and Conn (1940} have shown that some marine bacteria
are thermosensitive and are killed at the congealing temperature'
of agar, Conversely, Jannasch and Jones (1959) found no direct
evidence that the heat of the agar adversely affects the micro-
organisms developing on agar plates,

A number of studies (Carlucci and Pramer, 1957; Floodgate,
1964; Jones, 1970) have found that the composition of viable
count media exerts an effect on the count estimate. A recent
publication (joneg, 1970) compared media recommended by the
American Public Health Assocociation (1§65) with the casein-peptone-
starch {(CPS) medium of Collins and Willoughly (1962}. Their re-
sults were reported for 4 to 6 samples from 5 freshwater systems
with 5 or more replicas for each. They found tryptone-glucose-
yveast extract (TGE) and Plate Count Agar gave higher counts on
85% of the samples at 48 hr. incubation (20° C), but only 20%
of the increases were statistically significant, At pfolonged in-
cubation (14 days, 20° C) higher counts were obtained on CPS
with 96% of the samples, of which 74% were statistically signi-

ficant. At lower temperatures (100 C. 23 days) the counts on
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CPS were higher with 84% of the samples and all were significant.
They concluded that under the specified growth conditions CPS
is more suitable for counts of freshwater bacteria than the recom-

mended media of the American Public Health Association (1965).

Membrane Filters

A number of investigations have used membrane filters for
culturing and enumeration of bacteria. These include bacterial
counts from sediment (Anthony, 1970), microcolony counts
{Tannasch, 1958; Jannasch and Jones, 1959) and plate counts
{(Bennett, 1969) for planktonic bacteria. Membrane filters have
an advantage in allowing an investigator to concentrate a sam-
ple. This is especially beneficial in areas of low bacterial pop~
ulations., Where 0.1 ml and 1.0 ml of innoé:ulum are usually
used for spread and pour plate, respectively, bacteria from up
to 100 ml or more of water can be filtered on a membrane filter,

Windle Tavylor and Burman (1964} published an article on
membrane fiiter application and techniques. They compared 3
types of membrane filter (each manufactured in a different coun-
try) for different properties. Among fheir findings were the fol-
lowing:

(a) Spreading of colonies rarely occurs on the American filters

with nuirient broth as a medium. Profuse spreading at 37° C,
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but rare spreading at 22° C was characteristic of the British
and German filters,

(b) Colony spreading is closely related to moisture control,
Excess moisture encourages spreading, but too little moisture
causes poor colony growth,

(¢) The use of absorbant pads instead of agar as a method-of
media application is recommended for economical reasons.
They concluded that with membrane filters results can be ob-
tained in a shorter time (for some tests) than standard tech-
niques., They also effect marked savings in the amount of
culture media and glassware used, as well as savings of time
and labor in the laboratory.

There was little mentioned about a comparison of results be-

tween membrane filter and other techniques.

(B) Direct Counting Methods

Direct microscopic counting of bacterial popuiations is generally
recognized as a most important technigue in detefmining microbial
growth rates and assessing population numbers (Collins, 1963; Jannasch
and Jones, 1959; Jannasch, 1965).

1, Artificial Substrates

{
The use of artificial substrates in microbial ecology has sim-

plified direct counting procedures. The substrate most commonly

uged in both aquatic and soil microbiology has been the glass
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slide (Cholodny, 1930; Sladecekova, 1962). Glass slides,
though, have led to difficulties in use because they cannot be
removed and replaced without disturbing the environment and it
ig difficult to observe a living organism. Hence, igolation and
subsequent cultural study is almost impossible.

Other studies (Collins and Kipling, 19‘57: Perfilyev and
Gabe, 1969) have used capillary tube technigues. This method
has some advantages over glass slides, These can be found

in a book by Perfilyev and Gabe, 1969,

Membrane Filters

The use of membrane filters for direct counts involves the
filtering of a known volume of water through the filter. The
membrane filter is then dried and stained for microscopic exami-
nation. Richards and Krabek (1954) have employved a phase
microscope for counting microorganisms on the filter.

Membrane filters were first suggested for the enrichment of
bacterial plankion be Cholodny (1929). Subsequent investigations
showed that the use of culturing techniques for the enumeration
of bacterial populations accounted for only a fraction of the true
population,

Butkevich (1938) and Salimovskaga-Rodina (1938) showed that

direct counts gave 200 to 5000 times higher counts than plating

methods. Kusnetsov (1958) using viable staining methods estimated
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that 10% of the bacteria counted by direct methods were non-
viable. A study by Jannasch (1958) suggested the type of natu-
ral water sampled influences the degree of discrepancy between
plate counts and direct counts. He showed the differences be-
tween plate and direct counts to be four times greater in "highly
contaminated areas” than in “rather clean sections" of a river,
Jannasch suggests the discrepancies are due to the tendency of
planktonic bacteria to clump on the surface of suspended solids
in natural waters.

Zobell and Anderson (1936), Stark, Stadler and McCoy (1938)
and others have shown the attachment of bacteria to suspended
solid surfaces follows previous adsorption of soluble corganic mat-
ter. Henkelekian and Heller {1940) showed that the growth of
bacteria in the presence of suspended solid surfaces depends on
the concentration of soluble nutrients present.

Attempting to overcome the problem of clumping, Jones and
Jannasch (1959) used surface active agents to remove the bacteria
from particles, but Buck and Cleverdon (1960) were unable to re-
peat their success. Jones and Jannasch (1959) were unable to
remove bacteria from clumps by mechanical shaking.

Jannasch and Jones (1959) used 5 different cultural and 2
direct microscopic methods for estimating the abundance of bac-~

teria in sea water. Direct counts showed the presence of from



~189-

13 to 9700 times as many bacteria as cultural methods., Their
results aléo showed a marked decrease in bacterial numbers just
below the thermocline using cultural methods but not the direct
microscépic methods. An explanation may be found in the work
of Kriss (1953) who found that at depths descending from the thermo-~
cline, the bacterial numbers are regulated by the concentration
of organic matter. Jannasch and Jones also suggest the possibility
of inactive cells at that depth.

While there are apparent advantages to direct counting met-
hods, some disadvantages must be considered. Stumm-Zollinger
(1968) found direct counting undesirable due to the inability to
differentiate between particulate matter and bacteria. Direct
counts cannot differentiate autotrophic from heterotrophic organ-
isms, nor can any physiological or metabolic properties of the
bacteria be studied. Thus, direct counts can contribute to the
overall understanding of microbial populations, but the limitations
toward investigating metabolic and physiological characteristics

of the population must be recognized.

Summary and Conclusions

Neither spread plates nor pour plate techniques have been shown to
be superior.-
Whether or ot the heat of agar in pour plates affects bacterial

counts is uhdetermined,
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The composition of cultural media affects the total viable count.
Cultural conditions (temperature and length of incubation) affects
total viable counts.

Membrane filters have advantages of economy and better suitability
for waters of low bacterial populations.

Moisture control is very important in membrane filter techniques.
The information obtained from the use of artificial substrates for
population enumeration is limited.

The use of membrane filters for direct counts has shown bacterial
populations to be up to 9700 times higher than those detected with
culturing methods,

Discrepancies in counts are probably due to the clumping character-
istics of bacteria in natural waters.

The limitations of direct counts are: {a) they cannot differentiate
autotrophic from heterotrophic organisms; (b} bacteria cannot be iso-
lated for further metabolic studies; and (¢) it is often difficult to
differentiate particulate matter from bacteria.

No one single method has been shown to be completely satisfactory

in studying microbial populations.
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B. Environmental Aspects

() Impact on Hydrology

This section attempts to outline what will happen to the hydrology
of the donor and receiver systems from the year 1972 to about 2000,

without any additional inputs over those already operative, and as-
suming Wachusett Reservoir will be kept at a reasonable operational
level (elevation 380 - 385 feet), Quabbin Reservoir under average in-
flow conditions and projected demand, will be dry by 1985 (Figure 53},
".[‘he present volume of Quabhkin represents ahout 50% of maximum capacity.
Assuming that a Connecticut River diversion is implemented in 1976, and
a Tully diversion by 1980, Quabbin Reservoir will increase in volume for
about 20 vears and then return to its present volume by 1998. These figures
are based on current estimates of projected demands (450 mgd in 1992)
and the assumed inputs to the system (see Table 24) .l Assuming these
implementation dates for the two diversions, and the figures as outlined,
four distinct time periods during which the volume of water impounded at
Quabbin Reservoir will undergo major changes are as follows:

1972 - 1976 No Connecticut River or Tully System diversion,

(Phase 1) Quabbin water consists of about 11% Ware River
water. Volume steadily declines.
1976 - 1980 Connecticut River diversion impiemented. Volume
{Phase TI) steadily increases. Ware River diversion represents
decreasing proportion while Connecticut River repre-

sents an increasing proportion of total volume (Table
25).

— e e P e Y P

1 Pigures supplied by Construction Division, MDC and U. 8. Army Corps of
Engineers.
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Table 24, Annual Inflow to Quabbin Resgervoir
Prom Various Sources

Connecticut| Tully
Quabbin Ware River System

Watershed | Diversion | Diversion | Diversicon Total
Average Inflows
per Year (109 gal) 85 11 26.3 17.5 139.8
1972
Relative Input (%) 89 11 - - 100
1976
Relative Input (%) 70 9 21 - 100
1980
Relative Input (%) 61 8 19 12 100
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Table 25. Proportion of Quabbin Reservoir Water
Qriginating from Various Sources at
the End of a Given Year (%)

| Connecticut Tully
Quabbin Ware River System
Watershed Diversion Diversion Diversion
1972 88.5 11.5
1976 81.0 10.5 8.5
1978 74,1 9.6 16.3
1980 68.2 8.8 18.4 4,6
1982 64.0 8.3 18,7 2.0
1984 62.3 8.1 18.7 10.9
1988 61.6 8.0 18,7 11.7
1988 61.2 8.0 18.7 12.1
1990 61.0 8.0 18,7 12.3
2000 60.8 7.9 18.8 12.5

This Table is based on the following aSSumpti'ons:
1. Average annual runoff from Quabbin watershed each year
2. Average annual diversion volumes each year

3. Reservoir outflow is comprised of water from each source in the same
proportion as water in storage from that source is to the entire contents
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1980-~1989 Connecticut River and Tully System diversions

(Phase III} operative., Volume of Quabbin reaches peak of
about 87% of its maximum capacity (Figure 53),

1989-2000 Quabbin Reservoir volume steadily declines

{Phase IV) {Figure 53). Relative proportions of waters
originating from variocus sources hecomes stabi-
lized (Table 25),

During the year 1971 the level of Wachusett Reservoir dropped signif-
icantly, This was caused by lack of diversion of Quabbin Reservoir water
into Wachusett Reservoir for a period of time because of maintenance op-
erations. We assume in this report that the volume of Wachusett Reservoir
will be kept at a reasonable working level, because drastic reduction of
its volume might impair water quality, Therefore we visualize no impact
of the proposed divergions on the hydrelogy of Wachusett Reservoir.

The impact on the hydrelegy of the donor systems will be to reduce the
peak flows of the rivers during high runoff periods in the spring and scmetimes
in the autumn, This effect is similar to that produced by a flood control dam.
A corollary effect of reducing peak flows, is to reduce the amount of floocded
area in the river flood plain downstream and consequently the amount of
water recharge of the flood plain aquifers. |

During each spring diversion period, about 1-2% of the Connectildut
River flow volume will end up in Quabbin Reservoir through the Northfield

diversion. An additional 1% will come to Quabbin through the Tully diversions,

when the'y are completed. For the spring of 1971, the theoretical figures
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would have been 1,5% had the Northfield diversion been implemented, plus
an additional 0,9% by way of the Tully systeml. These amounts represent
1% of. the total annual flow of the Connecticut River at Montague City,

No appreciable impact on the hydrology of the Connecticut River and its
watershed downstream from the Northfield diveréion site is expected.
Berger (1971) has estimated fhat the Northfield diversion to Quabbin would
create a stage reduction of 0.2 foot at Montague City. It is thus certain
that flooded area and recharge of flood plain aquifers will be reduced and
the magnitude of these reductions will be small. Obtaining precise
estimates of recharge loss would entail additional study of the flood-plain
hydrology.

The Tully and Millers River systems will be affected proportior‘lately
more than the Connecticut River, with maximum effects on flows in the river
reaches immediately below the diversion sites and at the confluence with the
main-stem of the Millers River, Tarbell Brook and Priest Brook diversions
will reduce peak flows at South Rovalston during diver;sion days. Ona
monthly basis, up to 17% of the flow will be diverted. On a daily basis,
up to 48% of the normal flow at South Rovalston may be lost by diversion
during the diversion period., As indicated in Table 26, most months will
have some days with no diversion loss at all {minimum reduction = 0} be-
cause the control flow requirements éannot be met, During wet years,

proportionately more water will be diverted and during dry years, diversion
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will be minimal (Table 27).

Further downstream, at the cor;fluence of the Tully and Millers Rivers,
diversion effects on flow will be most pronounced. Up to 31% of the monthly
flow may be diverted during arg average year, and on especially high ruﬁoff
periocds, 50% of the daily flow may be expected (Table 28), The impact of -
these flow reductions on watel; quality will be discussed in a' subsequent |
section. Further downstream, the reductions in flow will be proportionately
less, as additional tributaries add to the flow.

The impact on recharge of groundwater in the main Millers River
valley is expected to be minimal because the steep topography of the
valley sides adjacént to the river limits the extent of any aquifers that
can bg recharged from the river, Thus, although the diversions may
significantly lower peak flows during the diversion period, the amount

of aquifer recharge loss would be small,
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Table 26, Maximum and Minimum Daily Reductions in Flow in Millers
River at South Royalston during Three Representative Years
Assuming Priest and Tarbell Brooks D'Lversion_s .

JTan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

PERCENT

Wet Year (1951)

Max., % 21 23 38 43 12 0 g 0 0 20 34 23
Min. % o o o 9 o 0O o0 0 0O 0 0 O
Average Year (}1943)

Max, % o0 17 24 22 22 9 0 0 0 1 8 0
Min, % 0 0 0 0 10 0 0 0 0 0 0 0
Dry Year (1965)

Max. % 0 0 17 26 7 0 0 0 0 0 0 0

Min. % o 0o o0 ©0 0 0 ©o 0o 0o o0 0 o0
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Table 27, Monthly Loss in Flow in Millers River at South Rovalston
Assuming Priest and Tarbell Brooks Diversions for Three
Representative Years.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

PERCENT

Wet Year {1951)

Average Year (1943)

Dry Year (1965)
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Table 28, Monthly Reductions in Flow in Millers River, at Confluence of
Tully River, Assuming Tully System Diversion for an Average

Year.
Month Average % Reduction Maximum Daily %
in Flow Reduction
Jan 0 0
Feb 9 29
Mar 29 45
Apr 26 39
May 31 432
Jun 2 16
Jul : 0 0
Aug 0 0
Sep 0 0
Oct 2 15
Nov 15 50

Dec ¢] 0
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Impoundments to be formed by the construction and operation of
the diversions willl vary greatly in area and duration of watef storage.
Tarbell B;ook weir will impound during the summer a 28-acre pool with
a maximum depth of 9 feet, at the spillway,, and mu.ch of the area with
depths less than § feet. Fluctuations in pool elevation will be up to
2 feet above spillway elevation during high flows. Priest Brock dam
will be operated as a temporary reservoir, filling only when the combined
diversion water from Tarbell and Priest Brooks exceed the 120 cfs pumping
capacity at Priest dam., When filled to spillway crest elevation, the pool
will cover 400 acres with a maximum depth of 25 feet. Using data from
an average year, for example, 1343, the pool would be empty until mid-
March, increase to 240 acres by March 31 and then become empfy again
by mid-April. After being empty for 4 days, it would {ill again and fluctu-
ate between 90 and 260 acres during the month of May. After diversion
stops on June 2, the pool would empty in 6 days. The pool would remain
empty throughout the summer and may fill partially in November for a few
days. A wildlife conservation pool will be maintained in the middle of
the cleared reservoir area, when the water supply pool is emptied,

Tully Dam will be operated in a manner gimilar to the operation of
Priest Dam, with rapid fluctuations in reservoir area and velume. After

June 15, the current plan is to maintain a summer recreational pool of 620
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acres (maximum depth of 48 feet) through Labor Day, There would be no
diversion during this period because of water-contact sports use of the
pool. After Labor Day, the pool would be emptied to its winter level

of a nominal nine-foot depth to keep the gates from freezing. Long Pond
would also be flooded during high water storage and then return to pond
status when the reservoir empties. West Branch Tully River dam would

be similar to Tarbell Brook installation. A l13-acre pool would be created
and maintained by the overflow weir at the pumping station, Only nominal
fluctuations in water depth would occur there.

In summary, the operation of the Priest and Tully dams would cause
widely fluctuating pools during March, April and May and sometimes in
late autumn. Priest Reservoir would be dry during the summer and Tully
Reservoir would have a 620-acre pool during this time. Tarbell Brook and
West Branch Tully River would have small pools which would be drained
each autumn,

The creation of the impoundments which are a part of the Tully
Diversion system may tend to increase groundwater recharge in the Tully
area, Although most of the land surface in this region is covered by glacial
till deposits, there are glacio-fluvial deposits of sand and gravel adjacent
to the several stream channels involved, These deposits are readily
receptive to the intake of water and the annual draining of the large pools

will help to maintain an unsealed bottom over much of the pool area. The
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magnitude of recharge water volume will depend on the extent of the
deposits and head of water on them in addition to their permeability.
The amount of low flow augmentation resulting from the recharge of
these coarse deposits will depend on the proportion of recharge water
that penetrates deeply into the underlying faulted gneiss and granite
bedrock., There should be some flow augmentation from the surficial

deposits during the early part of the summer season,

Impact on Water Quality

Before we undertake a discussion on ecological and public health
aspects of the proposed diversions, it would be helpful to analyze the
chemical dynamics that underlie the water quality changes in a reservoir
as presented in the model in the Introduction (Figure 1),

As water of lower quality is introduced from a donor system into a
receiver system, there will most likely be a loss in water éuality in the
receiver system, This loss of water quality (Figure 1) is due to various
materials in the water. These materials include molecules, tons, sus-
pended inorganic materials, organic debrié, and living organisms. The
fate of these rﬁaterials is shown in Figure 54, These pathways are
not r_nutually exclusive: for example, a DDT molecule could take all four
pathways. What.happens to the various materials is a function of many
mechanismsg. One ofrthe central problems of ecology today is to trace

the flow of materials from the various compartments of an ecosystem.
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While our model cannot be viewed as a quantitative model, it is never-
theless a useful qualitative model with which to begin making predictions
as to changes in water quality brought about by the proposed diversions,
as required by this study.

Several major i)oints must be borne in mind as we expand our discus-
sion oﬁ water quality. First, there are dozens of physical, ‘chemical .
and biological parameters to consider, Second, we have four hydrologic
phases for the entire project to consider, extending from the vear 1972
to 2000, Finally, the relative proportions of Ware River, Connecticut
River, Tully River and Quabbin watershed waters will vary over this period
of years. In this section, the discussion will focus on changes in water
quality as a fesult of the proposed diversions, Attempts will be made to
restriét the discussion to the more important issues; no attempt is made
to discuss all parameters, Subsequent sections will deal with broader
ecological issues and public health aspects, and will include most of
the biological parameters.

Diversion of Connecticut River water into Quabbin Re_servoir in 1976
will initially increase the turbidity of the reservoir water, The final tur-r
bidity will depend upon mainly (1) fallout of some material in Connecticut
River water to the sediment after diversion, (2) the relative dilution of
Connecticut ﬁiver water by ambient Quabbin volume, (3) transformations

of materials, (4) the influence of ionic strength changes, and (5) the
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influence of pH changes, Based on only preliminary data {see Section

7A, paragraph 2), the fallout of material could be significant after a
residence time of 60-90 days., The dilution, however, can never exceed
a factor of about 5 to 10 depending upon what volumes and how much
mixing one considers. Also, water originating in the Connecticut River
will be between 18 and 19% of the volume of the entire reservoir during
the period 1980 to about 2000 (Table 25). Transformations may change the
molecules or colloidal aggregates but will not necessarily cause an elimi-
nation. Finally, Connecticut River water will undergo a drop in specific
conductance after it enters Quabbin; this will tend to stabilize the col-
loidal suspensions, If we assume that the Connecticut River will have

an average turbidity of less than 25 during freshet flow (Table 23), and
that extremely high values are possible but infrequent occurrences, all
factors considered above will tend to bring the final turbidity down to a
lower value, While we cannot predict what this value will be, it will
probably vary between 0,5 (present turbidity} and about 2, Thus, it may
not meet future U. S, Public Health Service Staﬁdards for drinking water.
The turbidity will probably not rise as much during the first two diversion
cycles (years 1976 - 1978) because of the smaller relative proportion of
total water originating in the Connecticut River (see Table 25). After the

Tully diversion begins in 1980, the turbidity will be stabilized at the then
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current value, si;u.:e the turbidity of the Tully system is less, and the
percentage of Connecticut River water in the reservoir volume will re-
main apprO}éimatély ;:onstant (Table“25).

Ions that form insoluble éomplexes (Mn, Fe, Ca) tend to precipitate
out into the sediment if suitable anions are available. BSuch anions de-
crease in concentration as the pH becomes more acid, and thus these ionsg
will tend not to precilpitate out as the Connecticut River waters mix with
Quabbin waters. On the other hand, these_ ions originating from Tully
River waters will tend to precipitate out as the more alkaline éonditions
of the Quabbin Reservoir are encountered. Thus there is a tendency to
balance. However, we cannot predict what the trend will be over a two-
decade period, because the exact proportions cannot be predicted and the
long-range stability for pH values in all systems is unknown.

There are at least two major concerns on the possible deterioration
of waterrqua_llity that have ecological significance, One concerns oxygen
depletic'm, and the other is the introduction of additional nutrients which
can lead to eutrophication.

A comparisoﬁ of NER data with other available data suggests that COD
values for the Connecticut River are about two times as high as for the
Quabbin "inside" stations, and are somewhat greater than twice the values
for the Quabbin "outside" stations. Reference to STORET data for the

past decade shows occasional COD values for the Connecticut River above
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50 mg/1l. Both the Connecticut River and Quabbin Réservoir Waters
maintain high 09 levels, and during the freshet-flow periods are prob-
ably close to saturation., The concern here is an assessment of the
potential depletion of 0 from Quabbin waters as a result of the proposed
diversion,

COD represents a potential 0o consumption that is measured using
a strong chemical oxidizing agent. Such potential oxidation may never
be achieved under field conditions, where biclogical processes mediate
the chemical reactions. Actual oxygen consumption is a function, in
part, of the kind of materials that are inc¢luded in the COD measurement,
Organic materials may represent a major portion of the COD when COD's
are high and usually exert an oxygen demand through biological processes.
Although these organics are all oxidized in measuring COD, some, such
as simple sugars, are easily oxidized through biological processes, while
others, such as cellulose (a sugar polymer) are relatively resistant to
biological oxidation. Depending on the ease with wh__ich the material
can be oxidized under natural conditions, the full COD may or may not
be exerted upon the water,

If most of the COD is in particulate form (which is probably true for
the Connecticut River) much of the material with a potential demand for
oxygen could settle out either in the Northfield Pumped Storage Reservoir
or in upper Quabbin Reservoir after diversion. Although settling reduces

the COD of the water column, the potential oxygen demand is conserved
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in the mud, Moreover, the organi¢ component of the sediment may

be acted upon by the lacustrine microbial populations at the mud-water
interface, and. transformed into more easily oxidized compounds. Some
materials in the'diverted water's may interfere with biological activity

in the mud—water‘ interface and either inhibit or enhance the transformation
processes. Seasonal turnover and wind effects can stir up thesé bottom
deposits into_.the water column. These effects are intensified if the
reservoir level‘s decrease. The resuspension of transformed organic muds
can serve to deplete available oxygen quickly because COD that had ac-
cumulated over many years through the settling process is suddenly present
in the water column. If the stirring of the bottom mud never occurs, then
COD that is settled out may be buried in the anerobic sector of the mud
and may never exert its 0, demand on the water.

Included in COD values are the oxygen demands of inorganic materials
such as iron and manganese. These inorganic species can have high 0g
demands if they are in a chemically reduced state. However, in the
Connecticut River, laboratory analysis shows that the iron is mainly Felll
and that the manganese may also be already oxidized.

All the above factors makAe it difficult to predict the impact of diverting
Connecticut River waters with a higher COD into Quabbin Reservoir.
Localized oxygen-depletion effects have been cbserved in the eastern arm

of the reservoir, It is probable that similar effects will be observed after
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diversion in the northern part of the reservoir as well, The impact on
the hypolimnion in the deeper part of the reservoir cannot be predicted
at this time., Diversion of waters from the Tully system will probably
cause relatively less impact, since the COD values are lower, However,
this depends on the specific molecules which comprise the COD and
comparisons based on COD values alone must be tentative. Oxygen
depletion will depend on a complex of biclogical and chemical processes
in these aquatic systems. In conclusion, then, its very possible that
the proposed diversions may result in some localized oxygen depletions
in the reservoir. The extent and magnitudes of such depletions cannot
be predicted,

The changes in water quality resulting from nutrients introduced from
the diversions must also be assessed., Most experts agree that C, N,
P and trace materials are important nutrients for algal growth, However,
significant levels of C, N, and P already exist in Quabbin, especially
in the general area of the proposed diversion discharge (Q—-S). Connecti-
cut and Tully Rivers have higher values for N and P in general than
Quabbin, but not by large factors. Nutrients are discussed further in
subsequent sections. Their importance as far as water quality is con-
cerned lies in the potential for eutrophication.

The presence of phenolic compounds during the third quarter warrants

some digcussion. Phenols were reported in four riverine stations in the
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northern tributaries of the Millers River in concentrations in the order of
1-10 ppb. This is considered an undesgirable level for drinking water
(FWPCA, 1968), However, several factors must be considered. here,
First, no odors were detected and secondly, in a spot check the presence
of lignins and tannins was found in these waters (see Section 5 B).
When the detection method is not sensitive enough, as in this case,
it is possible to get a positive indication from any phenolic substances.
Also, these test results were for the third quarter after an extensive growth
of vegetation, and when color in the water was also high. It is very
probable, then, that the phenols reported may not have been simple
phenolic materials, but the presence of phenolic groups on more complex
molecules,

Referring back to our model (Figure 54), a number of mechanisms can
be expected to operate after the diversions of river waters. Much of
the larger material will settle out, probably within hours and days. Many
transformationg can be expected, based on both inorganic and biological
reactions. Detergents would be degraded, although no significant MBAS
levels were found., As the carbonates from the Connecticut River reach
the more acid reservoir waters, equilibria will shift and some C0gp will
go off to the atmosphere. Those from the Tully would be retained, How-
ever, they are relatively low. Organic materials including the CCE will

probably be oﬁcidized. Some NHg may also be oxidized, but most of it
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would be transformed by the biota. Color would decrease. This loss of
color could be at least tenfold, based on evidence from the existing Ware
River diversion, Finally, many highly insoluble organic materials, in-
cluding hydrocarbon pesticides and organomercury compounds would tend
to evaporate, as they reach the relatively large surface area of the res-
ervoir,

The general trend will be towards an improvement in quality as the
diverted water is retained in the reservoir. Whether the retention time
of 60 to 90 days before the Connecticut River and Tully system waters
reach the general position near Shaft 12 is sufficient to cause recovery
{AQR = AQIL) is unknown, However, the much longer retention times
to reach the Winsor Dam area (See Section 6A) could also allow for some
recovery. We can predict, howeveri that dilution with ambient reservoir
volume will not restore the water quality alone. Some "fallout” of
materials due to sedimentation, transformation and evaporation must
occur to restore quality, The "treatment plant” capacity of the reservoir
can probably handle some restoration of water quality. The magnitude
of this capacity is now unknown. Because of its capacity to handle
waters from the Ware River diversion with efficiency for 30 years of
diversion, we may assume it has some reserve capacity, However, as-
suming that a loss of water quality occurs with some diversions of Con-

necticut River water {Case II or III, Figure 2), further deterioration will
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be checked as Phase III.begins.

Before ending this section, several general statements appear useful
to tie together our thinking. During Phase I the water guality will deteri-
orate as the volume in Quabbin Reservoir decreases., This loss of quality
could progress to a dangerous point if the volume of hypolimnion waters
is drastically reduced, Any losses in quality due to Connecticut River
diversion must be judged in the light of water quality loss without diver-
sion, Secondly, the volumes of water represented by Connecticut River
origin will be relatively low during the first few diversions. This allows
ample time to study the actual impact of diversion during a period of
lower potential to cause a negative impact on water quality. Thirdly,
the Tully system diversion in increasing total volume (Phase III} should
improve the "treatment plant" capacity of the reserveir and thus an improve-
ment in quality may take place. Also, it must be remembered that as the
pollution abatement plans are implemented in the 1970's, the éuality of
riverine waters will improve., Finally, without even further sources of
water inflow, Quabbin Reservoir is destined to deteriorate rapidly by the
end of the century, because low water levels will interfere with natural
treatment processes.

Turning now to the donor systems, diversion of water from any stream
or river, which is receiving inputs of nutrients or pollutants downstream

from the diversion site, will have the effect of increasing the concentration
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of the nutrient or pollutant above what it would have been without the
diversion, Berger {1871) has pointed out that the reach of the Connecticut
River between Northfield, Massachusetts and Thompsonville, Connecticut
receives a disproportionate load of nitrogen and phosphorus, The effect
of the proposed diversions would be to increase the concentration of
these additional nutrients by 3% at most. Considering, for example, that’
flood flows now have a 50% lower concentration of both nutrients than do
low flows at Thompsonville, the projected increases would not be signifi-
cant, Indeed, they would be less than normal annual fluctuations in the
water.

On similar grounds, other water quality parameters would not change
to any significant degree, One might argue that slight reduction in flow
veolume will reduce the total mechanical erosion of the banks and thus
reduce the solid load and turbidity downstream. We view these changes
of a few percent, however, to be insignificant, and to leave neither
positive nor negative impacts on water quality below the proposed di-
version site on the Connecticut River, We add, however, the possibility
that retention of Connecticut River water in the upper reservoir of the
Northfield pumped storage facility may cause some changes in water quality.
However, the impact of these changes in water quality will probably be
minor, after the water is returned to the Connecticut River,

Because of the complex of impoundments and the larger relative

volumes proposed to be diverted, the impacts on the Millers River
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system are potentially greater., Diversion from Priest and Tarbell
Brooks would decrease the water quality on the Millers River under
present conditions during days of diversion, especially at South
Royalston. Diversions from other locations of the Tully S8ystem would
increase even further any losses in water quality along the mainstem
of the Millers River.

During the spring runoff period, paper pulp in suspension was noted
at South Royalston and at decreasing concentrations at all other Millers
River stations. Apparently, the turbulence agsociated with high flows
can scour some deposits of pulp and carry them downstream, thereby
partially cleansing the bottom habitats. Reduction in peak flows would
tend to reduce the effectiveness of this cleansing action, However,
apparently the existing uncontrolled flows are not adequate to clean the
river. It is necessary to stop the input of pulp before this suspended
load can be reduced. After the proposed state-federal secondary treat-
ment cleanup of the Millers River, the diversion during spring runoff
periods would have only minimal impacts on water quality downstream
to the Connecticut River. ‘Thus the short term impact of the proposed
diversion will be to decrease water quality downstream, but because of
the proposed cleanup, long term impacts should be minimal.

Impoundments present other problems, Shallow ponds, such as

those proposed for the tributary streams, tend to reduce the quality of
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water impounded in them, Water temperatures are increased, algal
populations tend to bloom, and dissolved oxygen depleticns cccur as
the algae blooms decline, The short-term ocutlook for water quality in
the impoundments, is a decline in quality, The long-term (20 year)
projection is definitely toward lower water quality from the impoundment
areas.

In general, the longer the retention time, the greater the probability
of ecological changes towards the lentic condition. Although specific
changes in the ecology of a single impoundment are difficult to predict,
it is reasonable to assume that the ecological changes in the impound-
ments at Tarbell Brook and the West Branch of the Tully River will pro-
gress more closely towards a relatively stable lentic condition than
will those at Priest Brook, for example, Thus we visualize a whole

range of ecological changes in the impoundments.

(3} Impacts on Ecology

There can be little doubt that increased levels of nutrient chemicals
will be detected in Quabbin Reservoir after the implementation of the
Connecticut River diversion and before the implementation of the Tully
system diversion. However, not all nutrients can be expected to show
such an increase in this time period. Phosphorus increases are possible,

but not probable., Increases in available carbon, on the other hand,
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are quite probable, if only due to the relatively high alkalinity of

the Connecticut River, Also, the fact that fecal contamination of

the Connecticut River does occur increases the likelihood that com-
plex organic molecules wili be introduced into Quabkin and possibly
into Wachusett where they will become part of the nutrient pool. The
future abatement of pollution in the Connecticut River will contribute
significantly to the lowering of any such nuirient addition to the reser-
voir through diversion,

It ig important to note that current nitrogen, phosphorus, and carbon
levels in Quabbin are sufficient to support larger phytoplanktonic popu-
lations than presently exist. Increased levels of these nutrients do not
necesgsarily mean, then, that higher concentrations of algae in Quabbin
can be expected as a direct result of the diversion, It is quite possible,
however, sinqe nitrogen, phosphorus and carbon appear not now to be
limiting, that the Connecticut River diversion may increase the levels in
Quabbin Reservoir of some now unknown limiting growth factor, such as
a vitamin, The importance of this possibility cannot be overemphasized.
Additional studies on limiting growth factors in both Quabbin Reservoir
and Connecticut River waters are required {see Section 16, Recommenda-
tion No. 2).

Finally, we cannot overlook physical factors such as water tempera-
ture as possible limiting factors in algal growth, For example, not all

algae have the same optimum growth temperature. Therefore, any
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differences in temperature between donor and receiver systems could
influence numbers and types of algae in the final water mass., A
relatively cooler water mass from the Connecticut River might suppress
the growfh of some species of blue-green algae, This could however,
also augment the growth of other species. Not enough is known about
the growth requirements of the algae in question to permit meaningful
predictions, Any increases in nutrient levels in Quabbin waters due
to the Connecticut River diversion will most likely tend to be lessened
by the diversion of the Tully system,

There is no reason to believe that undesirable algal species will
be introduced into Quabbin Reservoir by either diversion. Any changes
in the current algal populations in Quabbin will most likely be the result
of the response of present populations in Quabbin to changing levels
and kinds of nutrients brought about by the diversions.,

The proposed diversion of Connecticut River waters into Quabbin Res-
ervolr stands a good possgibility of having an ecological impact upon the
fisheries of Quabbin, Furthermore, in view of the position of the Mas-
sachusetts Divigion of Fisheries and Game, the impact would be a nega-
tive impact, We must assume that undesirable species will be introduced
into Quabbin Reservoir if Connecticut River waters are diverted into Quabbin,

Experience with the present Ware River diversion into Quabbin Res-

ervoir does not provide any insight into this problem, Fish species in
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the Ware River and Swift River watershed and hence Quabbin are about
the same. There is no evidence of carp or eels in the Ware River
(personal communications, Masgsachusetts Division of Fisheries and
Game)., Thus we cannot refine our estimates on the impacts on fisheries
from experience with the Ware River diversion. The consequences of
introducing undesirable species could be felt in several ways., First,
the present ecological balance between specles will be lost. Secondly,
if the salmonid population is decimated by undesirablg species competition,
and a warm water fish population predominates there is good likelihood
that the number of angier trips by sports fishermen to Quabbin Reservoir
will decline, This in turn will reduce the harvest and further influence
ecological balance. The issue, then, is not a reduction of the standing
crop of total fishes in Quabbin Reslervoir, but the disruption of the
present success in the management of a salmonid fisheries program.

Since thé species representation in Quabbin Reservoir is similar
to that of the Tully System, the proposed diversion of the waters of the
Tully into Quabbin will not have any significant effect on the fisheries
in Quabbin Reservoir.

When presented with a request for recommendations for fish exclusion
measures, the Division of Fisheries and Game presented the following
alternatives,

a) A fine mesh traveling screen,
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b) An electrical barrier utilizing a low-gradient voltage

pulsating DC current, backed up by a fine mesh traveling
screen,

¢) Chemical treatment through chlorination at a high rate to

kill eggs, larvae and juvenile fish, and facilities to dis-

sipate chlorine prior to diverted water entering the reservoir,
These alternatives must be designed to function with the proposed
flow rates. No detailed specifications for the alternatives are presented.
Before a decision is made, the Division feels that further studies to
determine the rate of chlorination necessary to kill eggs, larvae and
juvenile fizh are necessary. However, the reactions of chlorine with
organic material dissolved and/or suspended in the diverted waters will
also produce chloramines Which may adversely affect benthic populations
in Quabbin Reservoir which are part of the fisheries food chain., This
impact cannot now be precisely defined. Continuous. monitoring of fish
populations over long periods of time will be required for any further
elucidation of the likelihood and magnitude of this prqblem.

Increased concentrations of organic melecules in Quabbin as a result
of both the Connecticut River and Tully system divergions may affect the
dissolved oxygen content of Quabbin waters due to the oxygen demand of
these molecules as discussed earlier, The magnitude of any overall de~

crease in oxygen in the hypolimnion and the epilimnion of the Quabbin
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Reservoir, however, cannot be predicted, Localized depletions of
oxygen in Quabbin Reservoir have been periodically noted over the
past half dozen years as a result of the present Ware River diversion,
These depletions have been observed only in the southern part of the
eastern arm of Quabbin, and have been short lived, The proposed di-
versions may be expected to produce similar, localized phenomena,
The salmonid fisheries in Quabbin are not expected to be affected by
any lowering of dissolved oxygen in the upper portion of the middle arm
and in the eastern arm of the reservoir, Salmonid fishes are typically
found in the main body of Quabbin Reservoir.

Because of the number of factors governing the dispos’i’zion of pesti-
cides in surface waters {see Section 8A), it is not surprising that only
small traces of pesticides were detected in this project., Similar findings
are seen in the STORET retrieval data on the Connecticut River (STORET
Retrieval Date 69/06/27). Analyses for aldrin, BHC, DDT, dieldrin,
endrin and other pesticides during the 1960's show little or no residues
in the water. Finally, the findings of Lichtenberg et al, (1970) in a
5~year summary of pesticides in surface Waters of the United States
report only trace amounts; (< 0.1 ppb) of-pesticides in the Connecticut
River.

A prediction with some certainty can be made about the ecological
effects of pesticides in the proposed diversions, The Massachusetts
Division of Fisheries and Game has supplied us with data that indicate

significant levels of DDT, endrin, dieldrin and PCBs in the tissues of
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lake trout taken from Quabbin Reservoir. These pesticides in lake
trout reflect the expected concentrations by the food chain if traces
of pesticides are already available in the reservoir écosystem. Nor
were the residues of DDT in fish from the Connecticut Rivér (Lyman
et al,, 1968) any higher than those reported for the fish in Quabbin
Reservoir. While more extensive monitoring of the waters,. muds,
and biota of both the Connecticut River and Quabbin Reservoir for
pesticides would increase the certainty of our prediction, we feel
that it is highly imprcobable that the proposed diversion will have any
important environmental effects. Similar reasoning can be applied to
the proposed Tully System diversion.

Somewhat different from the above impacts is the much more general
guestion of ecological balance. This question cannot be answered in
any but very general terms. That any change in an ongoing ecological
system is effected and becomes persistent is good indication that a
shift in ecological balance has been achieved, The probabilities of
some of the more important, possible changes in Quabbin due to the
proposed diversions have been discussed above. However, what all
the effects of any shift in ecological balance may actually be cannot
now be predicted, Tor example, an increase in Quabbin of "trash fish"
populations may result from slight shifts in competition patterns which

in turn may result from the introduction of species into Quabbin by the
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Connecticut Rivér diversion, The salmonid population could remain
essentially unaffected, However, the number of angling trips to Quabbin
may very well decline., The harvest of fish would then be lowered and
could conceivably be lowered to such an extent that a second shift in the
ecological balance would be realized. This second shift, or any subse-.
quest shift, might in turn directly affect the salmonid population, This
is a gocd example of how sociclogical and biological events can interact
to produce a series of complex phenomena which cannot be predicted in
any but the most general form,

Similarly the impacts of the proposed diversions into Quabbin or
Wachusett Reservoirs are impossible to discuss in any but very general
terms until such a time as the specific impacts discussed above can be
more fully defined by future studies. On the basis of current data, we
believe that the possibility of a degeneration in turbidity in Wachusett
deserves some mention due to the importance of turbidity in any contem-
plated future treatment of Wachusett waters prior to their final distribution
to consumers. This will be discussed in Section 8 C,

We predict no significant impacts on the general ecology of the
mainstem Connecticut River as a result of the proposed diversions. Losses
in flow volume and shifts in water quality will be so minor that it is dif-

ficult to envision any significant changes in bacterial, algal and benthic
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populations. Similarly, no major changes in the existing fish popu-
lations, or in the future anadromous fish program are expected,

On the other hand, specific impacts on the ecology of the Millers
River system are probable, The impoundment of waters from the north-
ern tributaries will cause changes in the algal and heterotrophic bac-
terial populations, While the probability that these changes will occcur
is good, the details cannot be predicted. Eutrophication and algal
blooms will increase over the years, and thus offer a long term {over
20 years) impact, Changes in benthic populations in the mainstem
Millers River will be slight, except for a possible increase in the benthic
fauna characterigtic of poor quality water at Station No. 4 (South Roval-
ston). This, however, will be a short term impact, and will reverse
itgelf after the Millers River is cleaned up under the proposed state-
federal abatement plans. The impoundments will result in gradual changes
in both benthic fauna and fish populations, as they change from lotic to
lentic environments, These changes will be influenced by drawdown and
other dynamic changes in the hydrology. Tributaries will experience
minor changes in general ecolegy. Consistent with previous statements,
changes in the ecology in impoundments are more probable in Tarbell
Brook and the West Branch of the Tully.

Tinally, little detailed information on the ceonstruction phase of the

proposed diversions has been available for study. Therefore, the impact
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of this phase on donor and receiver systems has not been discussed in
this report, However, hoth the MDC and the Corps of Engineers are
well aware of the importance of this phase to any understanding of the
overall environmental impact of the proposed diversions,

C. Public Health Aspects

Coliform bacteria are indicators of possible human fecal contamination and
therefore of the possible presence of human pathogens, including bacteria and
viruses, Coliform bacteria are not themselves, however, pathogenic., It is
reasonable to assume that concentrations of coliforms will increase in Quabbin
Reservoir as a direct result of the Connecticut River diversion., Therefore the pos-
sibility of finding agents of human infection in the area of Shaft 12 in Quabbin
will also be increased by the diversion. The measure of real risks to public health
associated with this possibility is, however, a function of a number of other vari-
ables, These variables include the general health of populations contributing to
the fecal pollution of the Connecticut River, treatment of water before its entry in-
to Quabbin, residence time of this water in Quabbin, dilution of diverted waters
by Quabbin waters; and finally, treatment prior to final distribution,

While the MDC is currently planning, according to a Massachusetts Depart-
ment of Public Health directive, to chlorinate diverted waters prior to their entry
into Quabbin, we feel that the varying turbidities of these waters, and the resultant
inefficiencies of chlorination, ensure the possibility that pathogens imbedded with-
in suspended debris will find their way into Quabbin, Chlorination of diverted
waters prior to entry into Quabbin will probably be less important a means of con-

trolling the introduction of these pathogens than will the implementation of present



-226-

pollution abatement plans for the Connecticut River,

Even with the implementation of present abatement plans an important question

is how long diverted waters can be expected to remain in Quabbin., In general,

3
the natural purification processes of a lake will reduce the coliform concentrations
in proportion to the length of time these bacteria are in residence in the lake. The
die-off rates of coliform bacteria are generally considered to be similar to die-off
rates of pathogens., While recent research indicates that there is not necessarily
a direct correlation between the die-off rates of coliform bacteria and pathogens,
it is generally assumed that residence times of several weeks provide reasonable
disinfection (Fair, Geyer, and Okun, 1968).

Our model studies thus far indicate that diverted waters will have reached the
general area of Shaft 12 within 2-3 months of the time they are introduced into
Quabbin, Portions of these waters will be mixed with waters derived from the
southerly portions of the main body of the reservoir as they are taken into Shaft
12: other portions will continue in a southward flow to mix eventually with the
waters in the western arm., While it can be expected that significant die-offs of
pathogens will occur within a 2-3 month residence in Quabbin, and that maximum
dilutions of diverted waters will probably be realized within one diversion cycle,
the possibility that some pathogens may find their way into the Quabbin aqueduct
has to be assumed, The possibility that some pathogens will find their way into
the Chicopee outlet at Winsor Dam also has to be assumed; however, because pre-
liminary laboratory model studies indicate it will take about 7 months for diverted

waters to reach Winsor Dam, and because of the greater dilution of these waters



-227-

which would then Ha\;e 'téken place, the prebability of detecting pathogens at the
Chicopee agueduct would be lower than that of detecting them at the Quabbin -
Wachusett aqueduct, )

Because model studies to dz;t'e have not taken into account the effect of winds
on residence times of diverted waters, and because pertinent information of the
die-away phenomenon i‘s by no means cémpletle,‘it is not now possible to predict
the actual number of pathogenic organisms which may possibly find their way
into the Quabb1n7Wachusett and Chicopee agqueducts as a result of the Connecticut
River diversion. Average times in days for a 99, 9% reduction of enteric organisms,
reported by Fair, Geyer, and Okun (1968) range from 10 (for Coxsackie A9 virus in
Littlg Miami River) to 130 for Echo 7 virus in sewage). These rates are published
with the provision, however, that they aré useful only for similar conditions of test.

Because coliform con’centrartions within the Tully System are comparable with
the minimal concentrations already observed in Quabbin, and because current
model studies indicate that the residence time for Connecticut River diversions in
Quabbin will not be reduced appreciably by the Tully System diversion, the impact i
of the Tully System diversion will be to reduce further any public health hazard
associated with the Connecticut River diversion,

It is important to note thatAany pathogens .which do find their way into the
Quabbin~-Wachusett agueduct will be subjected to dilution by Wachusett waters
as well as to the self-purification processes of that reservoir, Given the dilutions

and residence times of diverted waters in both reservoirs, we conclude that while

the introduction of pathogens into Wachusett Reservoir is possible, it is improbable
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that they will be detected in Wachusett, Finally, any enteric organisms which
may be present in Wachusett as a direct result of the contemplated diversion may
be ea sily. destroyed by existing or contemplated chlorination within the distribu-
tion system,

The presence of mercury at all sampling sites suggests that it is reason-
able to assume that mercury is a component of the waters of this region, While
the levels are generally low and thus pose no immediate hazards, the possibility
of significant concentrations in the food chain must be assumed. Indeed, data
from the Massachusetts Division of Fisheries and Game indicate levels of mer-
cury in fish taken from Quabbin Reservoir to be in the range of 102 - 103 ppb,
in this regard being similar to levels found in fish in the Connecticut River,
Several peak values for mercury in excess of 5 ppb have been found in some loca-
tions, including the Millers River and Quabbin and Wachusett Reservoirs, Most
of th_ese values occurred earlier in the year, and recent data indicate lower values,
The reascns for these values are unknown, nor can the present study, due to the
sampling situation, define any possible sources. This would require a separate
study in itself, Our conclusions on the impacts of the proposed diversions, how-
ever, must be based on comparative data for the proposed donor and recelver systems,
On the basis of the data, we must conclude that no public health hazards due to
highet levels of mercury c¢an be expected from the proposed diversions. Indeed,
the data suggest that lower levels in water exist in the proposed donor systems,

Because of the number of factors governing the disposition of pesticides in
surface waters (see Section 8 A}, it is not surprising that only small traces of

pesticides were detected in this project. Similar findings are seen in the STORET
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Retrieval Date 69/06/27). Analyses for aldrin, BHC, DDT, dieldrin, endrin
and other pesticides during the 1960s show little or no residues in the water.
Finally, the findings of Lichtenberg et al. (1970} in a 5-year summary of
pesticides in surface waters of the Uhited States report only trace amounts
{< 0.1 pphb) of pesticides in the Connecticut River.

Pesticide information was reviewed in earlier sections. The findings con-
firm the position that the Connecticut River waters would not present a public
health hazard if diverted into Quabbin Reservoir. In the first place the amounts
of pesticides are too low, and secondly the evidence indicates trace amountsg
to be present in Quabbin Reservoir already. Therefore, the proposed diversion
would not introduce pesticides into a reservoir that was already free from such
compounds before the diversion,

Our data on radicactivity, and recent information from the Lawrence Experi-
ment Station of the Massachusetts Department of Public Health (Donlon, personal
communication) leads us to conclude that no public health hazards will result
from the diversions of Connecticut River waters or Tully System waters into
Quabbin Reservoir. The Lawrence Experiment Station has been testing Connecti-
cut River water as part of the cooperative efforts of the Tri-State Commission
for some time, and has detected neither 226p4 nor 908r in the water. Also
surface waters, including reservoirs, from all over Massachusetts have been

5 226

treated in the spring and fall, and nc presence o Ra or 90Sr has been

detected. On the other hand, some of the STORET Data (Retrieval Date 69/02/27)
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for 1960s show Connecticut River water with total beta activity in excess

of 10 ppc/liter. This is not true for the more recent data. These discrepancies
are common for Connecticut River data, and point out the need for continual
monitoring. Such continual monitoring is also desirable in view of the future
operation of a nuclear power plant at Vernon, Vermbnt. We affirm our conclu-
sion, however, that in view of existing guidelines, we see no immediate or
long-range public health hazards from radioactivity in the donor systems.

The risks to human health which are inherent in the consumption of any
surface waters cannot, of course, be completely eradicated. However, given
man's past experience with public water supplies and his present techneclogy,
we conclude that those risks which can be associated with the proposed diversion
are reasonably comparable with those generally taken in the consumption of
Massachusgetts surface waters.

Based on avallable evidence, there is no reason to anticipate any public
health hazards to the donor systems resulting from the proposed diversions. A
positive impact on the Millers River system is possible, the main reason coming
from the probable decrease in any pathogens as a result of the impoundments.
Impoundment of water results in a decrease in pathogens, due to die-off. How-
ever, rwhile coliform bacteria are present in thegse waters, we have no direct

evidence of any pathogenic organisms.

D. No-Diversion Alternative

Within the intent of the National Environmental Policy Act of 1969, we
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should also consider the alternative of no diversion. Mention has already
been made of the probable deterioration in water quality in Quabbin Reservoir
during Phase I. Extending our time reference beyond 1976, we predict a further
deterioration in the condition of Quabbin Reservoir if the projections as shown
in Figure 53 are operative. Central to these projections are average inflow con-
ditions and the realization of the projected increases in water supply demand,

An analysis of the dilemma can be approached in terms of classical limno-
logical concepts. Under full pool conditions, Quabbin Reservoir would resemble
a temperate lake.of the second order {Welch, 1952}, Moreover, the condition
would be quite characteristic of an oligotrophic lake, In such a lake nutrients
are low, electrolytes are low, dissolved oxygen levels are high, algal blooms
are rare, and cold-water fishes (salmon, trout) are found in abundance. As the
reservoir loses volume, it will approach the conditions of a temperate lake of
the third order, the chief characteristic of which is a loss of thermocline and
the development of essentially isothermous conditions. Such a lake will move
faster toward a eutrophic condition than will a second order lake. Eutrophic
lakes are relatively shallow, nutrients are abundant, dissclved oxygen may be
absent in deeper layers, blooms are common, and the fish populations are pre-
dominantly warm-water fishes (Welch, 1952},

However, the situation at Quabbin Reservoir is complex in that some sections
are very deep (over 100 feet), whereas some areas of the northern section are

very shallow, Moreover, the reservoir is a dynamic and not a static pool, with
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substantial, annual inflow-outflow volumes, Therefore, it is very difficult

to state at what elevation {or volume) the regervoir will reach a "critical

point”. Water quality conditions, algal growth patterns, and fishes in the
northern sections suggest that progression toward eutrophication is already
taking place there., Water quality in the main body is still of a high quality.

As the projected volumes decrease over the years, the relative masses of high
versus low quality water will shift toward an overall loss in water quality.
Losses in volume will decrease the treatment capacity and possibly the re-
tention times of new inflow waters, Losses in hypolimnion volume will certainly
diminish the standing crop of salmonid fishes., Finally, at some point in time
before total water depletion (1985), Quabbin Reservoir will not be acceptable as
a public water supply. Our conclusion, therefore,is to regard the no-diversion
alternative as unrealistic unless other alternatives, outside the scope of the
present project, offer better solutions to the projected Boston metropolitan water

supply problem.

E. Delays in Diversion

Related to the no-diversion alternative is the concept of delays in diverting
the proposed riverine sources, Again, we cannot set a critical time limit, after
which diversion of riverine waters might pose a higher risk to the maintenance
of a good water supply. Several seasons with good inflow into Quabbin Reservoir,
such as with the current situation in the spring of 1972, would displace the
curve "existing system" of Figure 53 to the right, Another drought period would

shift it to the left. Agsuming again, as we did earlier, that the supply and demand
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remains as projected, about half of the current volume of Quabbin Reservoir
will remain by the end of this decade. As a first approximation, we are
guessing that the relative decrease in water quality, the marked decrease

in diluting volume, the reductions in retention time and the reductions in
treatment capacity will increase the risks of diversion if diversion is delayed
by four yvears to 1980, If on the other hénd the water quality of Quabbin
Reservoir decreases faster than we believe during this period of delayed
diversion and if the Connecticut River watersg improve faster than projected
through abatement procedures, we could indeed be faced with a reversed
situation, in which the riverine waters are of a higher quality than those of
the then-existing reservoir. Irrespective of the exact year, at some point in
time, riverine waters will actually be of a higher quality than the reservoir,
Undgr these conditions, it is impossible to predict the final water quality
after diversion and retention of Connecticut River water in the then-existing
reservoir., We can predict, however, that the malntenance of a good water

supply will be greatly impaired following significant delays in the proposed

diversions,
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9. SUMMARY

This study was a cooperative effort of several organizations to generate
and evaluate extensive data on the Quabbin and Wachusett Reservoirs and the
Connecticut and Millers Rivers systems, with the objective of making predic-
tions on the impacts of diverting portions of these riverine systems into Quab=-
bin Reservoir,

Field and laboratory data included approximately 100 parameters, including
chemical, physical, biological, and pesticides data. In addition, radioclogical
data, hydrodynamic studies, fisheries information, and pollution abatement plans
were considersd and evaluated, Finally, other pertinent data available from both
public and private sources, especially on the Connecticut River, were evaluated
in the light of the objectives of this study.

Central to the evaluation was the development of a gualitative model of
reservoir dynamics. Such events as evaporation, sedimentation, transformations,
and direct transfer of materials from potential donor to receiver and finally to
the distribution system were discussed. Any predictions on water gquality as a
result of diversions were qualified by our present knowledge of the underlying
dynamics.

Dilution of riverine waters by ambient reservoir volume alone will probably
not be sufficient to insure an acceptable water qualify in Quabbin Reservoir,
Fallout of suspended materials and the "treatment plant" capacity of Quabbin
Reservoir are expected to result in an acceptable water gquality,

A general summary of the impacts of the proposed diversions on Quabbin



~235-

Reservoir is shown in Table 29, The potential magnitude of a given impact

upon Quabbin Reservoir is generally higher with the proposed Connecticut

River diversion than with the proposed Tully River system diversioﬁ. Predictions
on the temporal aspects of any impacts cannot be made at t’hi.s‘ time,

As a convenience in making evaluations of the probable impacts of the
proposed diversions, Ithe period 1972-2000 was divided into four phases. Phase
1 (1972-1976) is the period before diversion of the Connecticut River, The volume
of Quabbin Reservoir will decline during this period. Phase IT (1976-1380)
represents the period for the beginning of the Connecticut River diversion; the |
Tully River diversion is not yet operative. The reservoir volume will increase
during this period. The period 1980-1989 (Phase III) represents a period when
both diversicons are operative, and the reservoir volume continues to increase,
During the final phase (Phase IV, 1989-2000) both diversions continue to be
operative but reservoir volume declines, Probable, major long-term trends in
Quabbin Reservoir for this overall f)e riod are summarized in Table 30,

The greatest potential for both ecological and public health impacts on
Quabbin Reservoir is seen to exist with Phase II. Because of declining reservoir
volumes, Phases I and IV will show some deterioration of the reservoir.

Impacts of the proposed diversions on the two donor systems will differ,

We expect no significant changes in the hydrology, water quality or general
ecology of the mainstem Connecticut River, Temporary storage of Connecticut

River water in the upper reservoir of the Northfield pumped storage facility may
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Summary of Probable Impacts of the

Proposed Diversions on Quabbin Reservoir

Note: This summary does not predict the duration of the impact.

Relative Probability Impact Will Occur
Description No significant Possible but Probable | Probability
of Impact change over Probability Low High
existing conditions

Increase in T C

Nutrient Chemicals

1 .

ncrea S(.a 1n. T C
Eutrophication

Modification of Cc

Present Equili- T

bration

Introduction of

Undesirable Species T C
Increase in

Coliform Bacteria T C

Increase in C
Human Pathogens T
Interference with
Water Treatment
at Quabbin T C
Increase in Levels c
of Toxic Materials T
Increase in Levels cC
of Radioactivity T

Increase in Levels C

of Pesticides T

Increase in extent
and magnitude of T C

oxygen depletion

C = Connecticut River Diversion

T = Tully System Diversion
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Table 30, Probable Major Long-Term Trends
in Quabbin Reservoir

Phase Trend
I Progressive detericration of northern part of middle branch,
(1972-1976) and the eastern branch.
T Shift in ecological balance, especially middle branch.
(1976-1980) Water quality changes probable.

VYolume increase may actually retard some deterioration
from Phase I.
Potential public health hazard greater than Phase 1.

i1 Probable improvement in water quality,
(1980-1989) Further reduction in deterioration in northern part of middle
branch begun in Phase I.
Potential public health hazard reduced over Phase II.

IV Progressive deterioration of entire reservoir,. ..
{1989-2000) '
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cause some changes in water quality. However, the impacts of these changes
after diversion to the receiver or return to the donor will probably be minor. In
the Millers River system we envision probable changes in the hydrology, in
general water quality and in the ecology. These changes will be a consequence
of the diversion of relatively large volumes of higher quality water and the im-
poundment of waters, Because of the proposed cleaning up of the Millers River,
changes in water quality in the mainstem Millers River will not be a long term
impact. Changes associated with the impoundments will have both long term and
short term impacts. There will be no significant public health impacts on the
donor systems. Tables 31 and 32 summarize the probab-le impacts of the proposed
diversions on the donor systems.

Realistic appraisal of a no-diversion alternative is also important for this
project. Under average inflow conditions and projected demand, Quabbin Reser-
voir will be dry by 1985. At some time before this year, water quality will de-
crease, eutrophication will increase, and fish populations will change, Also at
some point before total water depletion in 1985, the reservoir will not be an ac—.
ceptable public water supply. As a related problem, the losses in volume and
water quality of Quabbin water will increase the risks of diversion if a diversion
is delayed by only a few years. We conclude that the no-diversion alternative
is unrealistic unless other alternatives, outside the scope of the present project,

offer better solutions to the projected Boston metropolitan water supply problem,
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Summary of Probable Impacts of the

Proposed Diversions on the Connecticut River

Relative Probability Impact will Occur

Description of
Impact

No significant
change over
existing conditions

Possible but
Probability
Low

Probable

Probability
High

Significant Changes

in Hydrology X
Loss of Groundwater
Recharge X
Changes in Bacterial
Populations "X
Changes in Benthic
Organisms X
Changes in Fish
Populations X

Significant chaﬁges in
Water Quality
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TABLE 32,

Summary of Probable Impacts of the

Proposed Diversions on the Millers

River System

Relative Probability Impact Will Occur

No significant

Desgcription of change over Possible but Probability
Impact existing conditions | probability low | Probable High .
Significant changes T
in Hydrology M T
Changes in Ground- M (Decrease) 1
water Recharge T {Decrease) {(Increase)
Decrease 1n Pathogens M
(if present) T I
Changes in
Heterotrophic M
Bacteria T I
Changes in Algal M I (Increase
Popula{:ions1 T in number
and change
in type)
Changes in Benthic M 9
Organisms T {short term) I
Changes in Native M
Tish Populationsl T 12
Decrease in Water I (short 1 (Long
Quality T M term) term®)
I = Impoundments on tributaries
T = Tributaries below diversion point
M = Mainstem of Millers River

Specific quantitative changes impossible to predict, except where noted

2 Refers primarily to Tarbell Brook and West Branch of Tully River
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10, RECOMMENDATIONS

In a recent letter to the editor of Science, Alvin M. Wei;lberg {1971} of
Qak Ridge National Laboratory, states that scientists "must édmit that some
questions, including the most important ones raised by concern for the environ-
ment, are really trang-scientific, not scientific"; Disagreeménts among scien-
tists concerned with environmental impacts of. human actions are usually over
these trans-scientific, not scientific, questions, and are therefore not resolv-
able by science. The basis of such disagreements is usually the guestion of
the validity of the extrapolation of data collected in one set of circumstances
to other and different situations.

We believe that the_ diversion of freshet flows as a means of supplementing
dwindling public water supplies is destined to increase in imf)ortance in this
country, and that disagreements among scientists as to just What the impacts of-
these diversions will be also will increase. Furthermore, such disagreements
will increase in direct proportion to the degree that the issue of freshet flow
diversions remains in the trans—scieﬁtific domain, Should the frequency of these
disagreements continue to increase, the value of science and scientists to those
responsible for making decisions of public import will necessarily diminish, This
would be inconsistent with the intent of the Nat_ional Environmental Policy Act of
1969 and other major legislation concerned with environmental quality.

Perhaps the most direct way of insuring that the question of the environmental
impact of diversion will become more firmly based on scientific facts as opposed

to trans-scientific rhetoric is to work toward the construction of quantitative models
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which can take the place of such qualitative models as contained within this
report.

The following recommendations are, therefore, predicated by the view that
the current studies were only a first attempt to come to grips with the question
of impact of the proposed diversions on Quabbin and Wachusett Reservoirs. They
are, in short, recommendations for future research which we think is necessary
for the realization of a more complete scientific understanding of data already

collected, and to improve the model.

(1) Initiate diurnal studies at Quabbin Reservoir, Parameters measured should
provide rates of turnover of important algal nutrients, and provide additional

information on ecological relationships which may govern those raies.

(2) Initiate algal potential growth studies using water samples taken from both
donor and receiver systems. These studies should yield further information
on limiting algal nutrients in these waters and on maximum concentrations

of algal species which might be expected under given nutrient conditions.

(3) initiate studies of the nutritional significance of hetefotrOphic bacteria in
both donor and receiver systems. These studies should provide further in-
formation on the rates of nutrient turnover in Quabbin Reservoir, before and
after diversion, which may be primarily influenced by the capacity of these

organisms to degrade organic material.
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(4} Initiate studies on the diagenesis of the eastern arm of Quabbin, including

(5)

()]

)

(8

(9)

{

analyses of the remains of organisms deposited in the sediment, in an
attempt to define "fallout" rates and other changes in water quality in
Quabbin which may be associated with the present diversion of Ware River

waters.

Initiate chemical analyses of mud samples from Quabbin in order to measure
the nutrient potential of the reservoir and to gain some insight into chemical

and biclogical processes occurring at the mud-water interface.

Continue studies on current physical model of Quabbin which will include

the conditions of winds and thermal stratification.

Continue a general monitoring program on both the receiver and donor systems
so that the development of quantitative models will be continually up-to-date.
This is especially true for waters of the Connecticut River and the nQrthern

part of Quabbin Reservoir, and the Northfield Mountain Impoundment,

Conduct settling studies on waters collected from both donor and recelver
systems in an attempt to define the rate of "fallout" of suspended materials
in Quabbin Reservoir after diversion and under different circumstances of

diversion.

Computerize all data generated and considered in this report so that cross
correlations of these data and other national data may be more precisely

examined,
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{10) Consider any other studies which might increase an understanding of all
d_ynamic processes in the reservoir, and which are aimed gpecifically at

increasing the predictive capability of the model.

These and other recommendations for future research have been discussed
with both the MDC and Corps of Engineers, and are under active consideration.
Priorities for each of these recommendations will be decided in conference with

these agencies,



-245-

APPENDICES
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APPENDIX 1

METHODS FOR FIELD AND LABORATORY STUDIES

A. TField Methods

0

(2)

Collection of Surface Waters

Surface waters refers to water obtained from about the first one-~half
meter in depth. For most surface "grab samples", no special device was
used. The appropriate container was held underwater by hand at the de-
sired depth. Glass Winkler bottles were used to collect samples for dis-
solved oxygen analyses. (Glass jugs with teflon-lined caps were used to
collect water for pesticide analyses. Polyethylene bottles and jugs of
various sizes were used for the collection of waters for other anal yses.
The usual care to avoid bubbling of ailr was exercised in the collection of |
water for dissolved oxygen tests. Manganese sulfate and alkali-iodide-

azide reagents were added to the dissolved oxygen bottles in the field.

Depth Sampling Technigues

Depth sampling techniques were necessary for colleciing water at
depths greater than one-half meter, or for sampling from bridges, embank-
ments or in other instances where the hand was not immersed into the
water. A Van Dorn sampler was used to obtain water samples for all
analyticai tests except for pesticides or bacteriological gamples. A pro-
totype harness and weight assembly was built to house the jugs for col-

lecting deeper waters for pesticide analyses.
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Collection of Waters for Bacteriological Tests

Unlike the collection for other analyses, collection of water for
hacteriological analyses was carried out with sterile, evacuated bottles
using a [-Z sampler. Use of the J-Z sampler equipped with a messenger

will permit the sampling of both surface and deeper waters.

Collection of Zooplankton

Zooplankton were collected with a Wisconsin plankton net equipped
with a number 20 mesh net, The removable bucket of the plankion net
was equipped with number 25 mesh. At all deep stations the nef was
lowered about 10 meters and then pulled straight up at approximately 1
meter per second, The 12-cm diameter and 10-meter high water column
resulted in a plankton haul of about 113 liters of water. For surface
waters of reservoirs and rivers, a plastic bucket filled to a measured 12-
liter mark was used. TFive buckets were poured into the Wisconsin net
for a total volume of 60 liters., After the water was passed through the
net, the bucket was removed and the contents carefully rinsed into a
glass jar. Except for the infrequent cases when formalin was added in
the field, all plankton samples were returned to the lab alive. If the
samples were not counted within the next day and a half, they were pre-
served in formalin., Final concentration for all preserved specimens was

5% formalin,

[
o

Various difficulties were encountered, During winter operations,

freezing of the net produced obvious problems, At some Millers River stations-
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" waters polluted with pulp and debris would clog the mesh of the plankton

net bucket. Finally, because nc meter device is used, the actual volume
of water passing through the net during vertical hauls is unknown and

probably less than the theoretical volume.

Collection of Benthic Organisms

Whenever possible the Ekman Bottom Sampler or a Peterson Dredge
was used to collect bottom samples. The heavy Peterson Dredge was
usually operated from a boat crane, but the Ekman Sampler was operated
either from shore or a boat, depending upon the station., Many of the
locations, especially the riverine stations, had rocky bottoms so that
the Ekman Sampler or Peterson Dredge could not be used. In those in-
stances, a Surber Sampler, or most often, a shovel and D-net were used
to collect benthics. Care was exercised to obtain quantitative and repre-
sentative samples. Finally, when none of these measures was possible,
Ilarge rocks were collected and placed in buckets of water, to be later
scraped and analyzed for benthic organisms. Our experience agrees with
Hynes (1971) who reviews the evidence and states that all methods of
collecting stream benthics are biased in favor of some animals and less

for others, and that there is no single satisfactory method.

General Procedures

All water samples were usually placed in large, plastic, insulated

containers with ice to keep them cool while in transit to the laboratory
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for analysis. During the winter months the samples were packed in
show to prevent them from freezing.

In the winter, holes were cut through the ice surface with a com-~
bination of auger, saw, and chipper. The size of the hole depended
upon what parameters the water was being sampled for, and which in-
struments had to be lowered through the hole in the ice.

Fach container {plastic bottle, glass jar, bucket) had a number
which was entered on an appropriate field control sheet. Field control
sheets contained all pertinent information, including station codes, date
and container numbers. Each analyst, whether in-house or at a subcon-
tractor, received a receipt form with the sample code numbers and date

only at the time of sample delivery.

B. Laboratory Methods

(1) Physical Chemical Tests of Water

After the water was delivered to the laboratory, the following para-
meters were measured, usually in the seguence listed:
Odor. No quantitative procedure was used. Freshly collected water was
used. Freshly collected water was allowed to come to room temperature,
and any odor present was judged qualitatively as suggested in Standard
Methods (APHA, 1965).

Dissolved Oxygen., The standard Winkler method of titration was used.

All reagents were checked at appropriate intervals, and when not in use

were stored in a refrigerator.
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PH. A Beckman pH rﬁeter previously standardized with a standard buffer
solution was used for making pH measurements. Samples were placed in
100-ml beakers and allowed to stand at room temperature. A magnetic
stirrer was used to stir the sample, and the pH was recorded after the
reading had stabilized.

Turbidity, Originally a B & L Spectronic 20 spectrophotometer was used.
A table based on a formazin standard was used to obtain the turbidity in
Jackson Units (Hach Chemical Company, 1969). Later, a Hach Turbidi-
meter (Model 8604} which is a true nephelometer was used and the tur-
bidity readings were generally lower, This instrument has its own cali-
brating rod using formazin as a turbidity standard, and it can be read
directly in Jackson Units.

Specific Conductance. 8pecific conductance was obtained with a Con-

ductivity Bridge Meter (RC-16B2). Unfiltered water was read directly

for conductance and the temperature was recorded, Values were then con-
verted and expressed in umhos/cm @ 25°C.

Color., Unfiltered water was placed in Nessler tubes and compared with
matched Nessle..r tubes filled with chloroplatinate color standards (Standard
Methods, APHA, 1971). If the water was too furbid, the water sample

was centrifuged before testing against the color standards.

Other Chemical Tests for Water

The parameters described in this section were carried out by standard -

colorimetric methods or atomic absorption spectroscopy using a Perkin-
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Elmer 403 atomic absorption spectrometer, All analyses involving titration
were done in Class A burets, All water uged in the analyses was puri-
fied by passing tapwater through an activated carbon filter, two mixed-
bed deionizing columns in series and finally, a 0.22 p particle filter.
The water thus obtained consistently had a resistance of 10 megohms or
more,

Alkalinity. A 100-ml sample was titrated with 0.0200 NHZSO4 using
Brom Cresol Green - Methyl Red indicator; the endpoint was taken at the
gray intermediate color of the indicator. Results were reported as ug

CaCOs/ml (ppm).

Carbon Chloroform Extract, The method used was a modification of that

given in Standard Methods; the changes were in size of equipment and

volume of sample tested. A sample (usually 4 liters) was passed through
activated charcoal, washed, and the charcoal extracted with chloroform.

The chloroform was evaporated in weighed dishes and the residue weighed
to the nearest 0,1 mg. The resulis were reported in ng residue/ml {ppm).

Chemical Oxygen Demand. COD was determined using the method given

in the FWPCA Methods (1969). Organic and oxidizable inorganic sub-
stances were oxidized by potassium dichromate in 50% HZSO4. The excess
dichromate was titrated with standard ferrous sulfate using ferroin indicator,
The results were reported as pg O/ml (ppm}.

Hardnegs. Because of the inherent difficulties associated with the com-
plexometric titrations of hardness, this f)arameter was obtained by com-

bining the Ca and Mg levels determined by atomic absorption spectroscopy.
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The Ca and Mg were converted to CaC03 and reported as such, i.e.,
Hardness (pg CaCO3/m1, ppm) = (ppm Ca x 2.5 + {(ppm Mg x 4.1).
MBAS, Methylene Blue Active Substances, i.e., detergents, were deter-
mined by extraction of the anionic detergents into toluene with buffered
methyl green (methyl green is more reliable than methylene blue)., The
intensity of the blue color developed in the presence of detergents was
read spectrophotometrically., The results were reported as ug Alkyl Ben-
zene Sulfonate/ml (ppm).

Metals and Other Elements. The metals listed below were all determined

by atomic absorption spectroscopy using an automated Perkin-Elmer 403
spectrometer. The instrument settings and conditions used were those
suggested by Perkin-Elmer in their instrument handbook; in some cases,
minor modifications were used which increased the sensitivity and/or
precision. All sample runs were preceded by standard samples which

spanned the range of values found in the samples.

Aluminum Lead
Arsenic Manganese
Barium Potassium
Boron Selenium
Cadmium Silicon
Cobalt Silver
Copper Sodium
Total Iron Uranyl ion
: Zinc

Hexavalent Chromium. Hexavalent chromium, or chromate, was deter-

mined using the pink-colored dye formed when chromate reacts with 1,5~

diphenylcarbohydrazide. The intensities were determined spectrophotomet-
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rically. The results were reported as ug Cr(VI)/ml (ppm). Total Cr was

also determined by atomic absorption.

Ferrous Iron, Iron {iI) w;as determined as the o-phenanthroline complex
colorimetricia.llly. Reported as ug Fe/ml (ppm).

Ferric Iron, Obtained by subtracting ferrous iron from total iron. \
Mercury. A 100-ml sample was treated with potassium permanganate to’
remove organic material, hydroxylamine to remove the excess potassium
permanganate, and stannous chloride to reduce mercury to the element;
mercury vapor was swept out of the solution with a stream of 'nitrogen
and the mercury absorption measured using a Coleman mercury analyzer.
The results were reported as jug Hg/ml (ppm)}.

Ch_lori‘de. A 100-ml sample was titrated with 0,0141 N Hg(NO3)2 using
diphenylcarbazone as the indicator. The endpoint was taken as the first

permanent faint purple color., The results were reported as ug Cl/ml (ppm).

Cyanide. Cyanide (freec) was determined colorimetrically using the pyridine--

pyrazalone method given in Standard Methpds. Results were reported as g
CN/ml (ppm).

Fluoride. Determined colorimetrically using the SPADNS method cited in
Standard Methods. Initially the results were checked using a fluoride
specific electrode, The results were reported as pg F/ml (ppm).

Sulfate. Sulfate sulfur was determined turbidimetrically as BaSO4 upon

the addition of barium chloride and a gelatin stabilizer. Turbid samples

were filtered before analysis, and colored sqmples were measured against
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pure water for correction. Results were reported as Jile; 8/ml (ppm).

Ammonia Nitrogen. Ammonia was determined by direct Nesslerization;

at first, tests were made to determine that the hardness levels encount-
ered did not interfere with the direct analysis. Initially, samples were
run on filtered and unfiltered water (0.45 n filter). Since no difference
was fouhd between the two, it was assumed that all ammonia nitrogen
was in solution and the filtration was discontinued. The results were
reported as pg N/ml (ppm).

Nitrate Nitrogen. Nitrate was determined colorimetrically as the pink

. dve formed upon reduction of nitrate to nitrite which, in acid solution,
couples via a diazotization process with 1-naphthylamine-sulfanilic acid.
Both nitrate and nifrite in the sample are measured; nitrate is obtained
by subtracting nitrite. The results were reported as ug N/ml (ppm). The

filtered-unfiltered results were the same as those found for ammonia.

Nitrite Nitrogen., Performed as described for nitrate with the omission of
the reduction step. Results were reported as pg N/ml (ppm).

Organic Nitrogen. Organic nitrogen was obtained by performing a total

Kjeldaht nitrogl;.en analysis; in this procedure, organic nitrogen is con-
verted to ammbnia, and détermined as outlined ébove. The resulﬁng
value is the sum of ammonia due to free (dissolved) ammonia nitrogen
and organic nif.rogen. The values cited are those obtained by subiracting
the value of ammonia nitrogen from the total. The method used was that

given in the FWPCA methods (1969). Results were reported as Hg N/ml
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{ppm).

Total Phosphorus, The sample was digested (boiled) with H,y504 and

HgSO4 to convert all phogphorus to orthophosphate. The orthophosphate
thus formed was determined colorimetrically by the methed given in the
FWPCA manual (1969). The resulis were reported as pg P/ml (ppm).

Orthophosphate, Determined using the method cited above on an undigest-

ed sample. Results reported as ug P/ml (ppm).

Polyphosphate. Determined by digestion as described above with the

omission of the HgSO4. This converts all polyphosphates to orthophos-
phate; the polyphosphate level is obtained by subtracting the orthophos-
phate value from the value obtained here., Results were reported as Mg
P/ml (ppm).

Organic Phosphorug. Organic phosphorus was obtained by subtracting

orthophosphate and polyphosphate from the total phosphorus. Results
were reported as nug P/ml (ppm). Phosphorus analyses were performed on
filtered and unfiltered samples to give a measure of the dissolved and

particulate levels,

Pesticide and Phenol Analyses

(2) Sample Handling

Coded samples were collected in one-gallon amber glass jugs
with plastic screw caps. The sample bottles were thoroughly pre-
cleaned using the following sequence: detergent wash, rinse, chromic

acid wash, rinse with tap water, distilled water, redistilled acetone
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and pesticide quality hexane. The caps were lined with Saran or
Teflon. EFEach sample consisted of 2 gallons. TUpon receipt they
were placed in a walk~in cold rcom at 400 in the dark.

Sample Analvses

In order to test for all the required parameters, each water
sample was subjected to five different analytical procedures. The
following classes of compounds were determined by these methods:

Total phenols

Chlorinated hydrocarbon insecticides

Organic phosphate insecticides

Carbamates (Carbaryl)

Herbhicides

A one-liter poriion was withdrawn from each water sample for

determination of total phenols by the 4-aminoantipyrine colorimetric

method as described in Standard Methods (APHA, 1965). One sample

from each day's collection was steam distilled prior to analysis in
order to achieve greater sensitivity. The others were extracted and
analyzed directly by a simplified amir_:oantipyrine method, In this
way all samples collected on a given da? could be analyzed during
the same day as specified for phenolic compounds in water,

Solvent extracts of the water samples were prepared for the anal-
ysis of pesticides. A 2-liter aliquot of sample water was extracted
with two 60-ml portions of 15% ethyl ether in hexane followed by a
third extraction with 60 ml of hexane alone after addition of 70 ml

of sodium sulfate-saturated water to the sample. The combined
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extracts were dried over anhydrous sodium sulfate and concentrated
to a final volume of 1 to 2 ml. These procedures for sample prepa-
ration were similar to those found in the EPA Manual (1971). This
concentrated extract was used for the determination of chlorinated
hydrocarbong by gas liquid chromatography (GLC) with electron cap-
ture (EC) detection, soluble organic phosphates by GLC with alkali
flame ionization detection (AFID), and carbaryl by photofluorometry.
For the herbicidal acids (2,4-D, 2,4,5~T, and 2,4,5-TP) a fresh one-
liter aliquot‘ of water sample was extracted with ethyl ether.

The gas chromatographic parameters used were as follows:

Instrument - Varian Aerograph Model 1400, equipped with inter-

changeable tritium-source electron capture detector

and alkali flame ionization detector.

Column - Coiled glass (6 ft. x 2 mm ID) packed with 1.5%
OvV-17/1. 95% QF-1 on Supelcoport 100/120 mesh.

Carrier gas— Prepurified Nz_. 40 ml/min, 45 psi

Temperature~ Inlet, 22503 column, 2000; detector, 220°

Although the standard references and many other references were con-
sulted for guidelines in optimizing gas chromatographic conditions for
the pesticides of interest in this study, the information reported by

Thompson, et al., {1969) and Leont and Puccetti (1969) were the most
useful. TUnder these conditions, with the EC detector, it was possi-
ble to separate and detect all of the required organochlorine insecti-

cides (aldrin, chlordane, DDT, dieldrin, endrin, heptachlor, hepta-
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chlorepoxide, lindane, methoxychlor, and toxaphene). Organophos-
phates would also be detected with the EC detector if they were
present in the same sample concentrates but the specificity would
be limited. To check for the presence of phosphorus-containing
compounds each sample was rechromatographed after replacement of
the EC detector with the AFID which is specifically sensitive to
phosphorus. Appropriate standards were used as controls for the
analytical procedures.

A procedure was not available for total pesticidal carbamates.
The most widely used substance in this class is probably carbaryl
(Sevin); fhus a fluorimetric method that would measure carbaryl and
its product of hydrolysis (1-naphthol) was used (Argauer et al., 1970},
Appropriate aliquots from the same sample concentrates that were
used for gas chromatography (above) were extracted with 0,25 N sodi-
um hydroxide and the fluorescence comparaed with standards in an
Aminco-~Bowman Spectrophotofluorimeter set at excitation and emission
wavelengths of 335 nm and 465 nm, respectively. |

Finally, the herbicides were determined by EC-GLC after esteri-
fication with chloro-ethanol as described by Woodham et al. (1971).
This invOlved extraction of an acidified water sample with diethyl
ether, reextraction of the ether solution with 0.5 N sodium hydroxide,
reextraction of the acidified aqueous phase again with ether, and

finally reaction of the ether extract residue with borontrichloride~
, y ‘
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chloro-ethanol reagent to form the chlorcethyl ester derivatives of

the phenoxy acids.

(4) Analyses of Algae (Phytoplankton)

All samples were usually processed within 12 ho.urs after collection.
Occasionally, samples were preserved by adding formélin {final conc, 5%),
Samples were shaken to evenly distribute the phytoplankton, and subse-
quentily each sample was processed by the continuous centrifuge technique

(Standard Methods, APHA, 1965). Concentrated samples were examined in

a Sedgwick-Rafter counting cell with the aid of a calibrated microscope.
Both total and differential counts were done, and all values were converted

to numbers of organisms contained in one liter of the original sample.

(5} Bactericlogical Tests

Al.l samples were processed within 12 hours after collection. Analyses
were carried out by means of the membrane filter technique (Standard Meth~
ods,- APHA, 1971) using Millipore filters with a pore size of 0.45 p, Three
aliquots of appropriate volumes from each water sample were processed in
duplicéte for each of the three media used. After filtration, filters were
placed in petri dishes on sterile pads saturated with the appropriate med-
ium., Standard media, incubation temperatures, and counting proc.edures

were used for the analyses of fecal coliform and total coliform bacteria_

(Standard Methods, APHA, 1971). Total heterotrophic bacteria were incu-

bated at 20°C on pads saturated with Difco m-Plate Count Broth. Dalily
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counts of heterctrophic bacteria were made for nine days. After 9 days
plates were reifrigerated at SOC for one day, and a final count was made.
In addition to total counts, differential counts of chromogenic and non-
chromogenic heterotrophic bacteria were made for each of the 10 days.
The highest total count in this 10-day period was used to calculate the
number of heterotrophic bacteria in 100 ml! of the original water sample,
The highest chromogenic count in this period was used to calculite the
percent of the total heterotrophic bacteria in the original sample that was

pigmented,

Ahalysis of Zooplankton

The jars containing zooplankton were turned upside down twice for

mixing. A medicine dropper was used to remove a portion of sample to

a Sedgwick-Rafter counting cell. The cell was placed on a piece of

paper ruled into 10 sections, and it was viewed with an overhead light
with 50x magnification under a stereoscope. Total and differential counts
were made, and after appropriate calculations, values were eventually

\

converted to number of organisms per liter of water. The keys in Ward

and Whipple, Freshwater Biology 2nd edition (Edmondson, 1959) were

used for identification.

Analysis of Benthic QOrganisms

(a) Initial Sampling in the Field

When time and weather permitted, some benthic samples were

b
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processed in the field. Por stony and rocky samples, the organ-
isms were scraped off and the stones were discarded. For gravel
or sandy samples, the samples were rinsed with water, the sand
stirred by hand and the supernatant poured through a U.S. Standard
No. 30 copper sieve to concentrate the organisms. Usually the
samples were split in half, each half being rinsed about 10 times..
The organisms were washed off the sieve by backpouring into a
plastic bucket.

Processing in the Laboratory

Initial processing was carried out as described above if not al-
ready done in the field. Most of the mud collected by the Ekman
Sampler could be washed through the No. 30 mesh by rocking and
submerging in a pail of water. After sieving, the remainder was
backwashed into white enamel or plastic pans in a shallow layer of
water. Debris was sorted out and organisms' were lifted out with
tweezers and placed in small petri dishes. They were then identi~
fied into major groups and counted with the aid of a stereoscope. )
Where possible, the organisms ‘were expressed in number per unit

area of substrate. The keys in Edmondson (1959) were used for

identification.
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APPENDIX 2

SUMMARY OF PERTINENT HYDROLOGICAL DATA*

1. Quabbkin Reservoir

Area, June 1971 19,200 acres

Volume, January 1971 226 x 10% gallons
Tune 1971 : 253 % 109 gallons
December 1971 212 x 109 gallons

Projected Annual Input, 1971

a) Swift River, East Branch 15.7 x 10° gallons
Swift River, Middle Branch 3.9 x 109 gallons
Swift River, West Branch 8.15 x 109 gallons

b) Ware River Diversion 10.68 x 10° gallons

c} Other Inputs** 49,12 x 10° gallons

TOTAL 87.55 x 10° gallons

Projected Annual Losses, 1971 ,

a) Diversion to Wachusett 76 x 10° gallons
b) Chicopee Outlet 5.14 x 10° gallons
c} Surface Lo'ss_es 11.5 x 109 gallons
d) Othef _Loss;as*** 10.95 x 10° gallons

TOTAL 1103.59 x 109 gallons

*These data were supplied by the Metropolitan District Commission and the U. S,
Army Corps of Engineers and were verified by them to be adequate assumptions

for this report.

**Direct precipitation on reservoir surface and inflow from watersheds other than
the Three Swift River Branches.

***Includes deep seepage and loss to bank storage.
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2. Wachusett Reservoir

Area, June 1971 3,570 acres

Volume, January 1871 52.6 X 10° gallons
June 1971 49,7 x 107 gallons
December 1971 45.3 x 109 gallons

Projected Annual Input, 1971

a) Diversion from Quabbin 76.0 x 109 gallons
b) Other Inputs® 48.0 x 109 gallons
Specific dates of operation of Jan 1-5; Jan 11 -Feb 5;
diversion from Quabbin Feb 10-17: Feb 22-27;
June 22-~30

Projected Annual Losses, 1971
a) Water Supply to Boston 104,2 x 10° gallons
b) Other Losses™* 5.41 x 10° gallons

3. Average Daily Flow Rates, Quabbin
Inputs for Period Mar-June 1971

a) Ware River Diversion 118.91 MGD
b} Swift River, East Branch 91.70 MGD
Swift River, Middle Branch 22,74 MGD
Swift River, West Branch 48,69 MGD

¢) Other Inputs™® 164.63 MGD
TOTAL 446,67 MGD

*Direct precipitation and inflow from surrounding watershed lands.

**Evaporation and deep seepage.
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4, Connecticut River {at Montague City)

Average Daily Flow Rates, 1971

January 4,975 MGD
February 5,802 MGD
March 7,782 MGD
April ' 25,242 MGD
May 24,253 MGD
June : : 4_,057 MGD

Specific dates proposed diversion would have been possible during
Jan - June 1971: :

Theoretical (T): March 18, 20, 21; May 27, 28

Most Probable {(MP): April 3 - May 25

Average datly flow rate during this period T: 25,147 MGD

' MP: 26,408 MGD
Percentage of Connecticut River flow volume T: 1.491 %

ending up in Quabbin du‘ring this period : MP: 1.420 %
Total Volume added to Quabbin during this period T: 21.75 % 109 gallons

MP: 19.88 x 102 gallons
5. Ware River

Average Daily Flow Rates, 1971

January - 39,13 MGD
Pebruary ' . 58,16 MGD
‘March S 129,30 MGD

April . 286,86 MGD
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May 141,48 MGD

June 49,45 MGD

Specific dates of Ware River diversion during this period;

Feb 18; Feb 28 - Mar 10; Mar 16 - May 28
Average daily flow rates during this period 192.85 MGD

Percentage of Ware River volume ending
up in Quabbin during this period 55.92%

Total Volume added to Quabbin during this period 9,447 x 109 gallons

Millers River System

Average Daily Flow Rates, 1271 in MGD

Station January February March April May June
2 13.15 17.01 28,75 96,60 43,38 7.12
3 8.98 12,56 25.75 77.64 33.47| 5.53
4 242,47 240,61 640,61 _339.21 92.16
5 259,20 257.21 { 684.8l1| 362.62198.52
6& 7 22.09 28.71 64,75 { 145.48 75.83|13.77
8 | 8.84 ' 11,88 25,90 58.19 30.33| 5.47
9 267,45 415,46 474,89 | 994,07 ) +500.84]134.15
10 323,79 502.98 574,93 | 1203.48 | 606,35}162,19
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The following figures apply to the final proposed diversion aqueduct from
the Tully System to Quabbin:

Specific dates proposed diversion would have been possible during
Jan-June 1971:°

March 18, 20, 21; April 3 - May 23
{Total 54 days)

Average daily flow rate during this period 334 MGD

Percentage of Tully System flow volume ending
up in Quabbin during this period 67.1 %

Total volume added to Quabbin during this proposed 9
diversion period 12,097 x 10”7 gallons
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APPENDIX 3

MINUTES OF MEETING OF SEPTEMBER 16, 1971

Background Information

Mr. Everett L. Maynard of the Division of Water Hygiene, Environmental
Protection Agency (EPA), now on assignment to the Corps of Engineers, made a
trip on May 19-21, 1971 to Cincinnati, Ohio to discuss the proposed diversion
of the Connecticut River into Quabbin Reservoir with Dr, James Symons of the
EPA. A Trip Report was received by NER on July 7, 1371. The implications of
the report were considered important enough for a separate meeting, Therefore,
NER drew up a series of guestions and forwarded them to the MDC and the Corps
of Engineers. Subsequently, a meeting was held on September 16, 1871 to dis-
cuss these questions.

Appendix 3 includes the agenda for that meeting, entitled "Suggested Sequence
for Discussion™, a copy of the minutes of the meeting, held on September 16,

1971, and finally a verbatim copy of the Trip Report of Dr. Symons.
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Suggested Sequence for Discussion

Point of discharge of Connecticut River water into Quabbin

Hazards of discharging Connecticut River water into western arm
of Quabbin

Tully River complex and Millers River diversion intoc Quabbin

Problems associated with diversion of Connecticut River waters
into Quabbin

Nitrate and phosphate

Significance of stratification in Quabbin

Treatment of Connecticut River water

Treatment of Connecticut River water and bypass of Quabbin to
Wachusett
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Minuteg of Meeting
September 16, 1971

Place of Meeting: Army Corps of Engineers, New England Division
Waltham, Massachusetts

Purpose of Meeting: To discuss contents of the trip report of Everett May-
nard's visit with Dr, Jameg Symons to discuss the
proposed diversion of a portion of the Connecticut
River into Quabbin Reservoir.

Pergsons in Attendancer

James Symons Environmental Protection Agency
Division of Water Hygiene

Everett Maynard Environmental Protection Agency
Division of Water Hygiene

Floyd Taylor Environmental Protection Agency
Division of Water Hygiene

George Camougis New Emgland Research, iInc.
Paul Erickson New England Research, Inc.,
Warren Zepp New England Research, Inc.
O, T. Zaijicek University of Massachusetts
Joseph Ignazio Army Corps of Engineersg

New England Division

Lawrence Bergen Army Corps of Engineers
New England Division

Paul Pronovost Army Corps of Engineers
New England Division

Martin Cosgrove Metropolitan District Commissgion
Construction Division
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Thomag Baron Metropolitan District Commission
Construction Division

Lecnard Fenocketti Metropolitan District Commission
Construction Division

Harold Willey Metropolitan District Commission
Construction Division

John Copithorne ' Metropolitan District Commission
Water Division

William Tompson Metropolitan District Commission
Water Division

Edward Tyler Metropolitan District Commission
Water Division

In his introductory remarks, Dr. Camougis suggested an agenda for the meet-
ing which was accepted by all present. The following items refer to the items of

that agenda:

Iitem 1., Point of discharge of Connecticut River water into Quabbin

Dr. Symons felt that it was best to be conservative and to be prepared for
the worst possible case with regard to the Connecticut River diversion, The "Y"
proposal offers the most flexibility. He said that there was always reason, if
only on the basis of experience with other systems, to be concerned abouf short-
circuiting in water supplies. Dr., Symons felt that the model studies should there~
fore be continued with simulations of wind and thermal stratification,

The MDC stated that provisions would be made in the proposed aquaduct to
allow for the future addition of a diversion into the western arm if needed. The

MDC agreed that more model studies were desirable.
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Present standards for turbidity and impending new standards were mentioned.
Turbidity requirements will be raised from 5 J.T.U. to 1 J.T.U, for potable water..
Since this reguirement must be met at the tap, and since there may be deteriora-
tion of water quality during delivery, reservoirs must produce water that is better
than 1 J.T.U. Shaft No. 12 produces about 0.5 J.T.U. at present, but there was
some speculation that the diverzion of Connecticut River water could raise the tur-
bidity in Quabbin Reservoir beyond permissible limits. There was a further dis—
cussion and concern over turbidity measurements, It was agreed that apparent
discrepancies in measurements of turbidity constitute a complex methodological

problem and should be examined.

Item 2, Hazards of discharging Connecticut River water into western arm of

Quabbin

If Connecticut River water were discharged only into the western arm of
Quabbin Reservoir, Dr. Symons felt that there would be few problems since a
large dilution factor was involved. If water quality deteriorated at the Chicopee
outlet, Dr. Symons felt that the outlet could be moved up to Shaft No. 12, which
would allow for éreater dilution,

The MDGC did not agree with Dr. Svmons that the Chicopee outlet could be
easily moved. There were questions about the cost, but the MDC felt that the
most prohibitive factor would probably be head problems associated with a longer
pipeline.

The MDC also pointed out that the Chicipee outlet WOuld run continuously

during the Connecticut River discharge and they were concerned that the Chicopee
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outlet would get direct draw of Connecticut River water if the diversion were in
the western arm. The MDC also explained that Shaft No. 12 physically could

not operate while the Ware River was being diveried, and that the proposed diver-
sion dates for the Connecticut River are almost identical to those for the Ware
River. ‘Therefore, Shaft No. 12 would not be operating during discharge, thus
minimizing any possible direct draw of diverted waters into Wachusett Reservoir,

The dilution figures for Quabbin Reservoir were explained. The western érm
diversion would give a large dilution factor with respect to Shaft No. 12 since
about 2/3 of the water volume in the reservoir is below an east-west line drawn
through Shaft No, 12, A diversion into the middle arm would be diluted by only
1/3 of the reservoir under ideal conditions. If the Chicopee outlet is considered,
the western arm diversion gives poor dilution at the Chicopee cutlet since only
1/4 of the reservoir is available for dilution.

Dr. Symons at this point indicated that he preferred a split diversion to utilize
the maximum possible amount of the hypolimnion volume to minimize depletion of
the dissolved oxygen due to increased organic loads.

Dr. Zajicek did not foresee a problem with organic loading and depletion of
dissolved oxygen since COD values for Connecticut River water, during freshet
flow and Quabbin Reservoir water were similar, Values cited were:

10-15 ppm in the Connecticut River during freshet flow
5~10 ppm in northern Quabbin
about 5 ppm at Shaft No, 12
At this point, Mr. Maynard pointed out that Connecticut River COD values can be

much higher than those given by Dr. Zajicek, and that those higher numbers posed
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a real problem from diversion. It was recognized that the Connecticut River is
extremely variable and the present data may not reflect the potential problem of
diversion.,

Dr. Symons asked for clarification of the degree of pollution in the Connecti-
cut River. He had formed the impression that it was much worgse than Quabbin
Reservoir, but if data indicated that the Connecticut River was not that bad, Dr.
Symons said that he was perhaps belng an alarmist when he answered the various

guestions reported in the original trip report.

Item 3. Tully River complex and Millers River diversion into Quabbin

Dr. Symons felt that he was probably not accurate when he answered the
guestion about the Tully and Millers systems. There were some communication
problems and confusion about the relative descriptions of the Tully River complex
and the Millers River. It was agreed that the Millers River was of poor quality.

There was little further discussion on the Millers and Tully River systems.

Item 4. Problems associated with diversion of Connecticut River waters into

Quabbin

All groups involved expressed concern over the possibility of short-circuiting, é
and although the diversion schedule and hydrodynamic studies may attenuate this

concern, they cannot eliminate it.

Dr. Symons felt that the model studies did not eliminate the possiblity of
short-circuiting if only because stratified waters were not considered, and strati-
fied waters can have strange flow patterns., If short-circuiting were put in per-

spective, Dr. Symonsg felt that one or two unacceptable values during a year



~274-

would not bring legal action, so a diversion system would not have to be design-
ed to accommodate the worst storm in a 100~-year period. FPurthermore, if a water
treatment plant were placed below the Wachusett Reservoir, standards now applied
to Quabbin waters could probably be relaxed. The people who spend the money
would have to decide the size risk the consumers would take.

The MDC felt that short=circuiting of wind-driven water is minimized at all
but the highest reservoir levels by glacial deposits in the northwestern area -of
the middle branch. A permanent baffle dam system was suggested as a possibility
by Dr. Symons to maintain this pattern of flow at high reservoir levels,

Mr, Maynard expressed a concern over keeping diverted waters in the eastern
reservoir where potential eutrophication problems could cause this arsa to become
a "creeping cancer" . Maynard preferred to dilute and mix the diverted waters
within the entire reservoir.

Should diverted waters require treatment, Dr. Symons would prefer to treat
them within an artificial area rather than in the reservoir itself, since more con-
trol is possible in an artificial area.

The MDC discﬁssed a proposal for a prereservoir to monitor water quality.
Poor quality water could be dumped into a tributary of the Millers River and be
returned to the Connecticut River. Dr. Symons would prefer the prereservoir to

damming the upper Quabbin Reservoir to form a separate basin.

Item 5. Nitrate and phosphate

The potential nutrient problem worrled Dr. Symons and he recommended mixing
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and algal growth potential studies in the laboratory to determine limiting nutrients

and growth potentials.

Item 6. Significance of stratification in Quabbin

Stratification was considered reasonably covered during previcus discussion.

Item 7. Treatment of Connecticut River water

Dr. Symons clarified the term “complete treatment" by explaining that it
would be the treatment necesséry to upgrade Connecticut River water to meet Pub-
lic Health standards for potable water. If properly mixed with Quabbin Reservoir
water, Connecticut River water may be acceptable with no treatment.

If Connecticut River water were treated before entrance into Quabbin Reservoir,
possibly only ccagulation and settling to remove turbidity would be necessary.
Turbidity removal must be done prior to disinfection with chlorine. Nutrient re-
moval, if necessary, could be performed at this stage. Dr. Symons did not think
disinfection of Connecticut River waters before entry into Quabbin Reservoir was
worthwhile unless the reservoir were to be used for bathing purposes. Disinfection
could be done elsewhere. However, the introduction of undesirable biological
gpecies (e.g. fish) raises another issue.

Dr. Symons felt that viruses would be no problem if the water were disinfected
after turbidity was removed. If the water is clear {<1 J,T.U.) after leaving Wa-
chusett Reservoir, all viruses will be destroyed by a contact time of 30 minutes
with a free chlorine residual of 0,3 tc 0.5 ppm. A well-operated filter plant at

Wachusett Reservoir should deliver water at about 0.5 J.T.U.
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Jtem 8. Treatment of Connecticut River water and byvpass of Quabbin to Wachusett

A bypass to Wachusett Reservoir was considered impractical due to the large
capital investment for a system that would be idle most of the time.

At this point the MDC asked for an estimate of the time that untreated Con-
necticut River water could be diverted into Quabbin Reservoir with little or no
damage. All parties agreed that a diversion of 3-5 years could probably be rea-
lized before serious damage to Quabbin might be expected to occur, but that addi-
tional monitoring of the reservoir must be done during diversion. With 3~5 years
flexibility the MDC {felt it would be better to treat any water quality problems
after some actual experience with diversion than try to design treatment plants in
the dark. The MDC also felt that an actual diversion would put pressure on the
groups that were polluting the Connecticut River to stop, and that the quality of
Connecticut River water entering Quabbin Reservoir could therefore probably be

raised,
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5555 Ridge Avenue, Cincinnati, Chio 45268

October 8, 1871

Trip Report - Boston, Massachusetis

Dr. Pringle
Through: Mr., Robeck

Travel Order # Dates of Trip
T2789481 Sept. 15-16, 1971

Purpose of Trip: To discuss the proposal to divert Connecticut River water into
Quabbin Reservoir,

Persons Contacted: The meeting consisted of 7 persons from the Metropolitan
Bistrict Commission of Beston, Massachusetts, 3 persons from the U, 8. Army
Corps of Engineers, 3 persons from New England Research, Inc., 1 person from
the University of Massachusetts, Mr. Floyd Taylor of Region I, EPA, and the
writer,

Observations, Evaluation and Conclusions: The meeting revolved mainly about a
discussion of a trip report prepared by Mr. Everett Maynard, of the U. S. Army
Corps of Engineers, a copy of which is attached. The personnel from New Eng-
lang Research, Inc. had reviewed Mr. Maynard's trip report and prepared a formal
list of questions and comments, a copy is attached, A copy of the agenda is
also attached,

Most of the discussion revolved around essential points: 1) would diversion of the
Connecticut River water into Quabbin Reservoir influence the ecology of the reser-
volir itself, and 2) would the above mentioned diversion influénce the quality of
Boston's drinking wtter, The Metropolitan District Commission {MDC) reported that
no diversion would take place for at least four years because of legislative delays,
and time for construction of the diversion pipe line., During this time, additional
hydraulic model studies are proposed by New England Research, Inc. to determine
more completely the flow patterns to be expected in Quabbin Reservoir during the
time of diversion. The MDC also stated that in their design of the diversion pipe
line, they would build in the capability of a tee to permit diversion of some of
the water into the west arm of Quabbin Reservoir, if this should ever be needed in
the future. We all agreed that any ecological damage to the reservoir would de-
velop slowly, and that if the water quality in the reservoir were closely monitored
after diversion began, changes could be made in the diversion scheme if any deter-
iorating quality were detected. I continued to insist that maximum dilution was
essential to maintaining water quality, and I found the MDC's suggestion of build-
ing a low dam between two islands in the central arm of the reservoir to further
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prevent short-circuiting at higher water levels encouraging,

I also continuved to press for some sort of filtration for Boston's water supply.
Mr, Taylor and I discussed the proposed new turbidity standard of 1 T,U., and
the Division's general policy that all surface waters should receive some turbidity
control, I said that although the present water quality of Boston met the Drinking
Water Standards, that a relatively small, high-rate, direct filtration plant would
serve as a vital additional protection for the consumers in the MDC service area.
While the MDC seemed inclined to link any deterioration of the water quality in
Quabbin Reservoir, because of diversion, to the necessity for filtration of their
water, I ask that the question of filtration be considered independently of any
change in water guality in Quabbin Reservoir.

Recommendations and Conclusions: The meeting was a very useful exchange of
ideas for all the parties involved with the project. I think that the course of
action selected by the MDC ig wige, but I do hope that they will continue to in-
vestigate the actual cost involved of filtration of their water supply.

James M. Symons
Chief, Control Technology
Water Hygiene Division

IMSymons:ml

cc: Tloyd Taylor
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APPENDIX 4

OUTSIDE CONTACTS AND INFORMATION SOURCES

Considerable information and technical data were supplied to us by the
MDC and the Corps of Engineers as this project progressed through the various
stages. In addition, we have made contacts with several organizations, from
which we have received both verbal and written information. We are grateful

for their assistance and cooperation. The list of contacts appears below.

Central Massachusetts Regional Planning Commission
Worcester, Massachusetts 01609

Division of Fisheries and Game
Commonwealth of Massachusefts
Westboro, Massachusetts 01581

Division of Water Pollution Control
Water Resources Commission
Commonwealth of Massachusetts
Boston, Massachusetts 02202

Franklin County Department of Planning -
Greenfield, Massachusetts 01301

Lawrence Experiment Station
Massachusetts Department of Public Health
Lawrence, Massachusetts

National Technical Information Service
U. §. Department of Commerce
Springfield, Virginia 22151

Northeast Utilities Service Company
Hartford, Connecticut 06101

U. 5. Geological Survey
Department of the Interior
J.F.X. Federal Building
Boston, Massachusetts 02203
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Vermont Yankee Nuclear Power Corporation
Rutland, Vermont 05701

Water Resources Research Center
University of Massachusetts
Amherst, Massachusetts 01002

Webster-Martin, Inc.
South Burlington, Vermont
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APPENDIX 6

FOURTH QUARTER RESULTS

A, Preface

The data from October and November, 1971 were examined in the light of
the discussion of data for the period from December 1870 through September
1971. Data were studied to determine if they contradicted or otherwise al-

tered the conclusions that were drawn from the earlier data.

B. Biological Data

(1) Bacteria

Bacterial data collected during the fourth quarter were consistent
with the data collected during the first three quarters, In general, num-
bers of heterotrophic bacteria in the reservoir systems increased from
the first quarter to a peak in the second or third quarter, and decreased
during the fourth quarter, This trend was observeci at most reservoir
stations; and is commonly cbserved in lacustrine environments, Numbers
of heterotrophic bacteria at individual riverine stations usually remained

the same or slightly increased from third to fourth quarters.

No general trends were noted in riverine, or lacustrine systems with
respect to total coliform or fecal coliform bacteria. Riverine stations and
Quabbin "inside"stations usually showed ﬁo change or slight increases in
total coliform bacteria from third to fourth quarters. Other reservoir stations

showed small changes in populations and followed no discernable pattern,
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No pattern of changes in fecal coliform numbers was detected at a.ny
stations except those from the Quabbin "outside” system where stations
showed fecal coliform numbers decreasing from the third to the fourth
quarters,

(2) Phytoplankton

The frequency of occurrence of most algal types dropped from the
third quarter to the fourth quarter for all systems studied. Pennate
diatoms, however, did not change from the third quarter. This group
occurred frequently during each quarter and was usually found in high
concentrations (about 103 cells/liter) in all systems., Golden-brown
flagellates occurred rhore frequently and usually in higher concentrations
(about 103 cells/liter) during the fourth quarter in all systems except the
Millers and Connecticut River systems.

(3) Zooplankton

During the fourth quarter, the numbers of crustaceans and rotifers
remained at low values or decreased from summer or fall peaks at most
stations. However, Quabbin Reservoir stations and the Millers and Con-
necticut River systems showed small peaks in numbers of rotifers during
Octobez; with a decline in numbers during November., The average, relative
composition of zooplankton populations in the reservoir systems varied
little from third to fourth quarter, although the absolute nymbers of each

type did change in the manner noted above,
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(4) Benthic Organisms

Fourth quarter benthic samples were collected in the reservoirs during
late September and were discussed fully in Section 5. Riverine benthic
samples were collected later and were not discussed. Fourth quarter
riverine benthic data, however, followed the same general patterns

presented in Section 5 and the discussion can be considered complete.

C. Chemical Data

In general the results shown in the fourth quarter data for chemical para-
meters support the discussions in Section 5 based upon the data for the first

three quarters,

All parameters that were not discussed in Section 5 because they were
rarely or never detected, were not detected during the fourth quarter. Sulfate
sulfur was detected, but little significant variation in values in time and at
various sampling stations was seen, All parameters that were discussed in

r

Section 5 showed fourth quarter values that supported the conclusions already

presented in the report.

D, Physiéal Data

{1) Color
If systems are arranged in order from highest to lowest average color

based on fourth quarter data alone, the resulting pattern ig the same as
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that given in Section 5.

The group of river stations, R2, R3 and R6 showed a slight
downward trend in color values during the fourth quarter, while other
river stations showed an upward trend. The Quabbin "outside" and
Wachusett systems and station Q9 from Quabbin "inside" showed little
change in color in the fourth quarter, while all other Quabbin "inside"”
stations showed a slight increase in color.

{2} Specific Conductance

The pattern obtained by arranging systems in order of decreasing
specific conductance is the same for the fourth quarter as that reported
in Section 5 for earlier quarters,

There was a slight increase in specific conductance in the Connecticut
River, a slight drop in the Tully and Ware system and a larger drop in
specific conductance values for the Millers River for the fourth quarter,

(3} Dissolved Oxvygen

All systems showed an increase in dissolved oxygen (from about
8 mg/1 to 10 mg/1) during the fourth quarter, but these increases were
small except in the Millers River where there was a ten-fold increase in
dissolved oxygen values at South Royalston {R9), from low summer values
of 1 mg/1 up to 10 mg/1. The Millers River system as a whole went from

a third quarter average of 5.5 mg/l to a fourth quarter average of 8.7 mg/l.
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(4) pH

The Millers River and Ware River stations decreased slightly
in pH during the fourth gquarter while the Connecticut River increased
slightly. The tributaries to the Millers River (R2, R3, R6, R7) increased
in pH early in the fourth quarter then dropped back to levels that were
observed late in the third quarter. The pH of the reservoirs decreased
slightly.

(5) Turbidity

The fourth gquarter pattern obtained by arranging systems in order
of decreasing turbidity is identical to that in Section 5.

There was a large fourth guarter increase in turbidity at the Millers
River stations (from 16 units to 32 units), while the Connecticut River
increased slightly {from 3 to 4 units). Other systems showed only small ‘
fourth quarter changes in turbidity. |
(6) Temperature

The temperature at all stations dropped in the fourth qﬁarter. The '
reservoirs and the Connecticut River cooled slowly, dropping from 17-19°¢C
in October to 9-11°C in November. The smaller rivers however, declined
more rapidly, dropping from 12-18°C in October to Z—GOC in November.
Some shallow reservoir stations (Q4, Q5) cooled almost as rapidly as the

rivers.
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E. Pesticide Data

All samples except two had no detectable pesticides or phenolic
compounds during the fourth quarter, In November a presumptive value
of 0.0002 ppm O, P -DDD was detected at Q3 and less than 0,01 ppm

phenolic compounds was detected at Q2 at a depth of ten meters.

F. Radioactivity

There was no detectable gross alpha activity in any sample during
the fourth quarier. All safnples had gross beta activities below 10 uuC
per liter during the fourth guarter except for a sample from Q8 at a depth of
10 meters. This particular sample had a gross beta activity of 18 ynC per
liter, Since this was the only sample throughout the year which had high
beta activity, it is difficult to draw any conclusions about the significance

of this value.

G. Summary

The data collected during the fourth quarter are consistent with the
conclusions drawn in the main report. The data follow trends that might be
expected from seasonal variations in lacustrine and riverine environments.
Variations that might be expected between relatively clean and relatively
polluted riverine environments were noted when systems such as the Tully Sys-
tem and the Millers River were compared.

Fourth quarter data constitute a continuation of the patterns discussed

in Section 5 of this report, No trends were noted during the fourth quarter
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that contradicted the conclusions drawn from the patterns observed in
data from the first three quarters. The additional data did not contain

new patterns that would add to the conclusions already drawn.
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